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This volume treats the technical research that led to the first atomic
bombs. The authors explore how the “critical assembly” of scientists, engi-
neers, and military personnel at Los Alamos collaborated during World
War II, blending their traditions to create a new approach to large-scale
research. The research was characterized by strong mission orientation,
multidisciplinary teamwork, expansion of the scientists’ traditional method-
ology with engineering techniques, and a trial-and-error methodology
responding to wartime deadlines.

The book opens with an introduction laying out major themes. After a
synopsis of the prehistory of the bomb project, from the discovery of
nuclear fission to the start of the Manhattan Engineer District, and an
overview of the early materials program, the book examines the establish-
ment of the Los Alamos Laboratory, the implosion and gun assembly pro-
grams, nuclear physics research, chemistry and metallurgy, explosives,
uranium and plutonium development, confirmation of spontaneous fission
in pile-produced plutonium, the thermonuclear bomb, critical assemblies,
the Trinity test, and delivery of the combat weapons. Readers interested in
the development of the atomic bomb will find many previously unrevealed
details in this volume while those interested in the more general history of
science will find this volume a crucial resource for understanding the
underpinnings of contemporary science and technology.
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Preface

The story of the Los Alamos project to build the first atomic bombs
has been told often. Why then another history of Project Y, as it was
known during World War II? Three features distinguish this account:
it is a history of the technical developments; it is based on the full
complement of documents, both classified and unclassified, of wartime
Los Alamos; and it explores for the first time the methodology by which
researchers at Los Alamos succeeded in their wartime mission.

Unlike earlier histories of Los Alamos, this book treats in detail the
research and development that led to the implosion and gun weapons;
the research in nuclear physics, chemistry, and metallurgy that enabled
scientists to design these weapons; and the conception of the thermonu-
clear bomb, the “Super.” Although fascinating in its own right, this
story has particular interest because of its impact on subsequent devel-
opments. Although many books examine the implications of Los Alamos
for the development of a nuclear weapons culture, this is the first to study
its role in the rise of the methodology of “big science” as carried out in
large national laboratories.

Our primary aim is to recount this technical history, but we have
not ignored the social context entirely. Although we largely leave for
other historians the problem of analyzing the social community at Los
Alamos in wartime — for example, the role of women, of foreign scientists,
and of military personnel — we do provide an abbreviated account of the
establishment and early years of the unique community that grew around
the Los Alamos Laboratory.
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The principal reason that the technical history of Los Alamos has
not yet been written is that even today, after half a century, much of
the original documentation remains classified. With cooperation from
the Los Alamos Laboratory, we received authorization to examine all
the relevant documentation. The book then underwent a classification
review that resulted in the removal from this edition of all textual mate-
rial judged sensitive by the Department of Energy and all references to
classified documents. (For this reason, a number of quotations appear
without attribution.) However, the authorities removed little informa-
tion. Thus, except for a small number of technical facts, this account
represents the complete story. In every instance the deleted informa-
tion was strictly technical; in no way has the Los Alamos Laboratory
or the Department of Energy attempted to shape our interpretations.
This is not, therefore, a “company history”; throughout the research
and writing, we enjoyed intellectual freedom.

Previous histories of wartime Los Alamos fall into three categories:
semischolarly or popular histories that deal only in passing with the
technical and scientific issues;! volumes of participant recollections;? and
official government-commissioned histories.® The books in the first two
categories had to side-step most of the technical history because the
authors, including those who participated in Project Y, did not have
access to the full set of technical documents or a comprehensive overview
of the project. They had to rely heavily on memory, which inevitably
becomes biased by the distortions of time, feelings, and changing values
and images.

Of the official histories, only the volume by David Hawkins is centered
on Los Alamos. The laboratory authorized Hawkins, a philosopher and
mathematician who held an administrative position on its wartime staff,
to prepare in 1946-47 a technical history of Project Y. In his heroic
effort, Hawkins provided a unique work that has served as a vital source
of information as well as a springboard for the present volume, which,
however, goes beyond Hawkins. Unlike his report, this treatment is
referenced. Whereas Hawkins was primarily interested in setting down
what transpired, we have tried also to explain how the developments
were shaped by individuals and how they related to earlier efforts. For
example, we consider how prior explosives research in England or at the
Explosives Research Laboratory in Bruceton, Pennsylvania, created the
context for the designing of explosive lenses. Hawkins approached his
task analytically, summarizing the work done by each wartime division
of the laboratory; we have tried to tell an integrated story. Finally,



Preface xi

because we are writing more than four decades after the completion of
Project Y, we have had the considerable benefit of historical perspective
in our analysis and interpretation.

In its entirety, the book presents a coherent, essentially chronologi-
cal, account of the wartime technical developments at Los Alamos. The
volume begins with an introductory chapter that brings into focus the
major themes of the book: the new approach to research that made it
possible to build the atomic weapons during World War II, the new style
of organization, and the role of the military in the scientific developments
at Los Alamos. The methodology used by the “critical assembly” of sci-
entists, government officials, military personnel, and engineers who built
the first atomic bombs during World War I is illustrated throughout and
recapitulated in the final chapter. The second chapter — which readers
familiar with the prehistory of Los Alamos can pass over - provides
background details, from the discovery of nuclear fission to the start of
the Manhattan Engineer District. Chapter 3 describes the early materi-
als program, and Chapter 4 covers the establishment of the Los Alamos
Laboratory and the research carried out there in its first months. The
following chapters can be read either sequentially or in separate units:
Implosion is covered in Chapters 4, 5, 8, 9, and 14-16. Gun assembly is
treated in Chapters 4, 5, 7, and 13. Uranium development at Los Alamos
is described in Chapters 11 and 13; plutonium in Chapters 11, 14, and
16; and polonium in Chapters 7, 13, 15, and 16. The confirmation of
spontaneous fission in pile-produced plutonium is discussed in Chapter
12. The Super is dealt with in Chapters 4, 10, and 17. Nuclear physics
is treated in Chapters 4, 5, 10, and 17. Critical assembly is reviewed
in Chapter 10 and Chapter 17. Trinity is discussed in Chapter 18; and
Delivery in Chapter 19. The institution and community are treated in
Chapters 4, 6, and the epilogue.

This volume grew out of the concern of L. M. Simmons and David
Sharp of the Theoretical Division, during the mid-1970s, that valuable
historical insights were in danger of being lost and that persons who
lived through the wartime events might never be interviewed about their
important contributions. In a short proposal written in October 1975,
Simmons and Sharp suggested that the laboratory establish both an
archives and a history project. In March 1977, asa first step in this
direction, Simmons hired Lillian Hoddeson, a physicist and historian of
modern science, to work as a consultant to the Theoretical Division on
a “pilot” history project. T-Division held a particularly valuable col-
lection of reports and notes by Hans Bethe, Richard Feynman, Edward
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Teller, Robert Serber, Emil Konopinski, and other wartime members of
the division. Because the documents were disorganized — many papers
were not even signed by their authors (and required handwriting iden-
tification) — Simmons and Sharp worried that if they were shipped to
Washington, they would never be seen again. To extract their historical
content would require a dedicated effort possible only at Los Alamos.

In the course of the pilot project during the late 1970s, Hoddeson
organized the division’s wartime documents, conducted a number of oral
history interviews (with Bethe, Nicholas Metropolis, Feynman, Serber,
and several others), and in a series of memoranda advised the laboratory
about its current archival needs. During this time, archivist Alison Kerr
joined the -history project. Together, Hoddeson and Kerr coauthored
proposals to establish an archives and set up a laboratorywide history
project.

These proposals came to the attention of Gilbert Ortiz, leader of the
laboratory’s Communications and Records Management (CRM) Divi-
sion. Oritz had independently realized the need for permanent labora-
tory archives. With Ortiz’s enthusiastic sponsorship, the archives were
established in 1981 within CRM Division. Nancy Zachariasen became
the first Los Alamos archivist; Kerr helped Zachariasen build up the
archives. The effort was nontrivial because at this time mounds of doc-
uments were scattered in many locations about the laboratory and in
need of organization if they were to be accessible for a history effort.
Before long, Ortiz began “toying with the idea ... of a project to write
the history of the Lab.”* Hoddeson and Kerr drew up a working plan for
such an effort and Ortiz and Kerr subsequently appointed an advisory
committee for the project, which met first in August 1983. By fall 1983,
the laboratory had agreed to support the project and an official request
for proposal was sent out to seven historians working in the area of the
twentieth-century history of science. A three-year contract was signed
in 1984 with History Associates Incorporated, a Washington-based com-
pany, whose proposal was prepared by Hoddeson in collaboration with
Richard Hewlett, former Department of Energy historian, and Philip
Cantelon, the company’s president. When the contract with History
Associates lapsed, CRM Division elected to continue the project on its
own.

Starting the project in July 1984, Hoddeson selected as junior his-
torians Catherine Westfall and Paul Henriksen, who at that time were
both advanced graduate students in the history of science. Duties were
divided. Hoddeson took responsibility for implosion; Westfall for pre-
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history, chemistry, metallurgy, and nuclear physics; and Henriksen for
Trinity, Delivery, the institution, and the town of Los Alamos. Three
consultants helped with the project: Gordon Baym, professor of physics
at the University of Illinois; Robert Penneman, a former Los Alamos
chemist; and Robert Seidel, a historian of science, who soon afterward
became director of the laboratory’s Bradbury Science Museum. In ad-
dition to providing scientific expertise, Baym contributed substantially
to interviews and the writing and editing, particularly of chapters deal-
ing with implosion and nuclear theory. Penneman contributed to and
reviewed sections on chemistry and metallurgy. Seidel worked on the
early history of the laboratory, particularly its relation to the University
of California. On Kerr’s departure from Los Alamos in summer 1985,
Roger Meade, who had been hired earlier by Los Alamos to work with
Kerr as the laboratory’s second archivist, assumed all archival respon-
sibilities of the laboratory as well as Kerr’s commitment to the history
project. Meade took responsibility for writing the history of the gun
program. In September 1986, Leslie Redman, a nuclear scientist who
for some years had been responsible for security classification for the
laboratory, joined the history project as a technical expert; in addition
to his primary contributions concerning high explosives and chemistry,
he edited many of the chapters. In the final stages of the preparation of
the manuscript, Redman contributed hundreds of hours of his time to
checking references and technical details. When the classified manuscript
was almost completed, Kerr returned to work as a consultant, editing
sections and offering critical suggestions for revision of the manuscript.

Although most of the research was based on documentsin the archives,
the team benefited from a large number of oral history interviews con-
ducted with individuals who had participated firsthand in Project Y.
Unfortunately, as in all histories of modern events, the later the start,
the fewer the number of central participants who could be interviewed.
These interviews were typically carried out in the Los Alamos Records
Center, whose secure environment allowed free discussion of material and
enabled interviewers to key their questions to specific documents made
available to the interviewees both before and during interview sessions.
This mode of interviewing helped to refresh and sharpen the memories
of the interviewees, and it sometimes led the historians to documents
that might otherwise have been overlooked.

A great number of individuals and institutions contributed to the
present manuscript, and it is a pleasure to express our appreciation to
them here. We sadly regret that we cannot possibly list in the brief
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space of this preface all those who contributed in various ways to the
project, but we are deeply grateful to them all. We thank the Los
Alamos National Laboratory for its generous support of this project.
We are particularly indebted to Simmeons and Sharp for their pioneering
efforts on behalf of the archives and history project; to Kerr and Ortiz
for their pivotal roles in setting up both the archives and history project;
and to Rosemary Harris for guiding the establishment of these efforts
through the administration of the laboratory. We are also grateful to
the members (past and present) of the Advisory Committee - Harold
Agnew, Robert Bacher, Richard Baker, Hans Bethe, Norris Bradbury,
Berlyn Brixner, Charles Critchfield, Darol Froman, Louis Hempelmann,
L. D. P. King, Robert Krohn, John Manley, Carson Mark, Nicholas
Metropolis, Max Roy, Raemer Schreiber, Richard Taschek, and Robert
Wilson - for their help in formulating the history project, and for in-
valuable aid in developing its contents. Special thanks go to all members
of the CRM Division office, particularly Adelia Stewart, for superb ad-
ministrative support, and Judy Rose Archuleta, who was always able to
solve problems imaginatively. At the archives, we are indebted to Mollie
Rodriguez for her tireless and cheerful archival and administrative ser-
vices; she always did her best to track down even the most obscure and
difficult-to-find documents. For secretarial support during the hectic
last months of preparation of this manuscript, we thank Marsha Perez,
who graciously spent more time than we could expect on expediting its
completion. For general support in the Records Center we thank Tony
Rivera and his staff, who not only provided a very hospitable atmosphere
but were always willing to help. We also wish to thank Phyllis Hoffman,
as well as Eva Roybal, Betty Cummings, Ann Carlyle, and Ileana Buican
for painstakingly transcribing interviews. We are very grateful to Dan
Baca and his staff in the Los Alamos National Laboratory Report Li-
brary for hours of help in providing technical documents. The library
stafl also generously assisted in uncovering wartime technical reports
and other reference materials. We thank Eugene Sandoval and his staff
for their efforts and advice on declassification.

We are especially grateful to the many former Los Alamos scien-
tists who often traveled long distances in poor weather to contribute
hours and days to help us with interviews and critical readings of the
manuscript. For special help with technical material and for reading
early drafts, we thank Robert Bacher, Hans Bethe, Kenneth Bainbridge,
Charles Critchfield, George Farwell, Al Florin, Peter Galison, Ronald
Rabie, Silvan Schweber, Emilio Segré, Roger Steuwer, Spencer Weart,
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and Robert Wilson. The efforts of Hedy Dunn and others at the Los
Alamos Historical Museum in providing material on the Los Alamos
community are greatly appreciated. Gary Westfall kindly helped during
the final months of the project by reviewing sections on experimental
nuclear physics. We also thank Richard Hewlett for working with us to
create the general working plan of the project and for commenting on
several early chapter drafts. The staff of History Associates helped to
arrange the contract for the history project and to administer the project
between 1984 and 1987; we thank them also for helping to locate nu-
merous documents in Washington, D.C. We are particularly grateful for
the heroic efforts of Dan Lewart and Tonya Lillie who enabled us to pro-
duce this book in TEX on schedule. We would also like to acknowledge
the Command Post of Chanute Air Force Base in Rantoul, Illinois, for
hosting Hoddeson’s work on the history project during various periods
between 1986 and 1990. Finally, we thank Johndale Solem for suggesting
the title, Critical Assembly, which so well describes the wartime scien-
tific community at Los Alamos, the technical work, the bomb assembly
itself, and the story that has played such a crucial role in the modern
world.

Lillian Hoddeson
Paul Henriksen
Roger A. Meade
Catherine Westfall
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Introduction

The Discovery of Spontaneous Fission in Plutonium

It was the spring of 1944. In a secluded canyon in New Mexico, 14 miles
from the bustling technical area of the wartime Los Alamos Laboratory,
three physics graduate students were working inside a Forest Service
log cabin filled with electronics. For the past eight months, they had
been driving there each day by jeep to search for evidence of “spon-
taneous fission,” a naturally occurring process in which certain heavy
atomic nuclei split of their own accord, emitting neutrons. Anxiously,
they puzzled over a startling oscilloscope trace produced by a sample
of plutonium. Why were these students studying the phenomenon of
spontaneous fission in this canyon? What caused their concern?

The professor in charge of the work, nuclear physicist Emilio Segre,
had fled Italy in 1938 and joined Ernest Lawrence’s nuclear physics lab-
oratory in Berkeley, California. In 1943, at the request of theoretical
physicist J. Robert Oppenheimer, Segré had moved several of his Berke-
ley experiments to Los Alamos to be part of Project Y — the secret
project to build the first atomic bombs. Jointly directed by Oppen-
heimer and military engineer Gen. Leslie R. Groves, Project Y was

* This chapter was written by Lillian Hoddeson, with contributions from Catherine
Westfall and Gordon Baym. We are grateful to Les Redman and Paul Henriksen
for editorial contributions, and to Robert Seidel and Andy Pickering for major
suggestions.
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a part of the Manhattan Project (the Manhattan Engineer District).
Before World War II, Los Alamos, a small New Mexico town on a high
mesa, had been the site of a ranch school for boys. It was suddenly trans-
formed in 1943 into a stark military community that included many of
the world’s best scientists.

The plutonium isotope of mass 239, 23°Pu, was one of two materials
that Los Alamos planned to use in its atomic bombs. Both plutonium
and the other material, the uranium isotope of mass 235, 233U, fissioned
readily when bombarded with neutrons, yielding further neutrons in suf-
ficient numbers to sustain in principle an explosive chain reaction. In
both cases, however bomb-size amounts of the fissionable material were
difficult to amass. 23°U could be separated from natural uranium by
a tedious, difficult physical process.! 2*°Pu could be produced by bom-
barding the more abundant uranium isotope 228U with neutrons, and
then chemically separating the created plutonium. Since the density of
neutrons needed to manufacture bomb-size quantities of 23°Pu occurred
only in a nuclear reactor, Groves authorized the construction of several
plutonium-generating reactors — a small pilot plant at Oak Ridge, Ten-
nessee, and three production reactors at Hanford, Washington.? It took
until April 1944 for these reactors to produce and send samples of pluto-
nium to Los Alamos. In the preceding eight months, the physicists had
had to make do exploring minute (microgram) plutonium samples pre-
pared in cyclotrons, in the hope that the properties would match those
of reactor-made plutonium.

Spontaneous fission was on the Los Alamos research program because
the two fission bombs that were to be developed initially ~ “Little Boy”
(uranium) and “Thin Man” (plutonium) — were of the “gun”-type de-
sign. In a gun weapon, one subcritical piece of fissionable material is shot
into another, to form a supercritical mass that then explodes, yielding
huge amounts of energy. The laboratory was optimistic about meet-
ing its military objective — namely, to develop both bombs by summer
1945 (when Hanford was to begin producing sufficient amounts of plu-
tonium for bombs) — because the problems associated with building gun
weapons were extensions of familiar problems of nuclear physics and bal-
listics. However, Thin Man presented a number of difficult challenges.
For one thing, the number of excess neutrons in the system had to be
kept to an absolute minimum. Because gun assembly is a slow pro-
cess in comparison with the speed of a nuclear explosion, extra neutrons
threatened to set off the explosion too early and cause a “fizzle.”

Two processes in plutonium could potentially spray extra neutrons
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into the system: impurity reactions and spontaneous fission. Hoping to
minimize the number of neutrons resulting from interactions with impu-
rities, the project managers set up large plutonium purification programs
both at Los Alamos and at the Chicago Metallurgical Laboratory. At
the same time, Oppenheimer authorized Segré’s spontaneous fission ex-
periments to determine whether neutrons from spontaneous fission were
worth worrying about. This authorization was but a precaution, for the-
ory suggested that even if spontaneous fission occurred, the rate would
not be high enough to threaten the plutonium gun. Indeed, when Segré’s
group measured the rate of fission in cyclotron-made plutonium, they
found it comfortably small.

The Segré group chose to work in a canyon because the experiments
were extremely sensitive to environmental disturbances. The level of
data collected was extraordinarily low — less than one count per month!
To keep background “noise” to a minimum, the group worked in condi-
tions as free as possible of radiation, loud sounds, electrical surges, and
other disturbances. All the equipment was battery operated.

Segré’s students were alarmed in mid-April 1944 because they mea-
sured in the first samples of reactor-made plutonium, a spontaneous
fission rate five times that of the cyclotron-produced samples — a rate
far too high for a gun assembly! Every count taken over the next four
months confirmed these preliminary findings. By July 1944, Los Alamos
had to accept the failure of Thin Man.

A crisis ensued. Groves, wanting to preserve the investment that had
been made in plutonium production (hundreds of millions of dollars),
ordered a plutonium bomb assembled by other means. The only possible
alternative was implosion, an assembly explored thus far at Los Alamos
only as a contingency. In such an assembly, a subcritical sphere of
fissionable material is collapsed inward by the blast from a symmetrical
array of high explosive. This process had the advantage of being so rapid
that spontaneous fission neutrons would not have time to interfere with
the explosion.® But those working on implosion in June 1944 thought
it would be virtually impossible to achieve a practical implosion for
use in the present war. As a result, Los Alamos was forced to turn
its relatively small implosion program into a model “big science” effort
involving hundreds of workers.
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Resolving the Crisis: A New Approach to Research

This book tells the story of how the Los Alamos scientists responded
to the spontaneous fission crisis they faced more than a year after the
start of Project Y and how this response to the possible failure of the
plutonium weapon motivated them to take a new approach to research
that enabled building both of the first two atomic bombs. Los Alamos
was able to complete the “Fat Man,” as the plutonium implosion bomb
came to be called, as well as the uranium gun, in time for combat use
because Project Y was reorganized radically, and confronted its problems
by a powerful methodology fostered by the wartime context.*

Under the new approach, members of the communities that coexisted
in wartime Los Alamos ~ the scientists, engineers, and military personnel
— blended their traditions. Such blending of scientific and engineering
traditions had already begun (on a smaller scale) at Lawrence’s labora-
tory in the 1930s and in a number of the science-based industries.’ Under
the conditions at Los Alamos, however, the process solidified. Historians
are only just beginning to study the consequences for the postwar world
— both positive and negative.®

Scientific research was an essential component of the new approach:
the first atomic bombs could not have been built by engineers alone, for
in no sense was developing these bombs an ordinary engineering task.
Many gaps existed in the scientific knowledge needed to complete the
bombs. Initially, no one knew whether an atomic weapon could be made.
Furthermore, the necessary technology extended well beyond the “state
of the art.” Solving the technical problems required a heavy investment
in basic research by top-level scientists trained to explore the unknown
— scientists like Hans Bethe, Richard Feynman, Rudolf Peierls, Edward
Teller, John von Neumann, Luis Alvarez, and George Kistiakowsky. To
penetrate the scientific phenomena required a deep understanding of nu-
clear physics, chemistry, explosives, and hydrodynamics. Both theoreti-
cians and experimentalists had to push their scientific tools far beyond
their usual capabilities. For example, methods had to be developed to
carry out numerical hydrodynamics calculations on a scale never bfore
attempted, and experimentalists had to expand the sensitivity of their
detectors into qualitatively new regimes.

As much as the scientists would have liked to provide technical solu-
tions based on full understanding of fundamental laws, meeting Groves’s
deadline of building the atomic bombs by summer 1945 precluded tradi-
tional, methodical research and analysis. Moreover, the wartime prob-
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lems were necessarily tied to practical issues, like fitting bombs into the
B-29 bomb bay or building components that could withstand the severe
conditions of high-altitude drops. However “pure” the scientists wanted
their work to be, they were forced by the wartime circumstances to em-
brace the methodology of Edison.” That is to say, their objectives shifted
from understanding to use, and from general conceptions to particular
materials and apparatuses.® This reorientation encouraged them to di-
versify their methodological toolkits with approaches typically employed
by engineers and craftsmen, whose technical problems were anchored in
concrete phenomena.

In view of the military application of their work, Los Alamos scientists
were also forced to pay strict attention to reliability. Thus they sought
alternative assemblies in their early efforts (such as the original implo-
sion program or the thermonuclear bomb, at a time when the laboratory
was emphasizing the gun method) and they subsequently overdesigned
both the gun and implosion bombs in an attempt to guarantee success.
The urgency of the wartime mission, the high cost and possible future
accountability of research on the atomic bomb, the frightening conse-
quences of miscalculation, the scientific and technological uncertainties
of bomb design, the unusual availability of almost unlimited funding and
other resources — all these factors fostered a conservative research strat-
egy aimed at avoiding risk. One result was that multiple approaches
were taken in addressing most of the problems.

This strategy paid off. For example, the relatively small-scale implo-
sion studies conducted in the first year of Los Alamos yielded concepts
that proved essential in completing the Fat Man (e.g., Alvarez’s simul-
taneous electric detonators, Tuck’s three-dimensional explosive lens for
focusing shock waves, and Christy’s brute-force core design). Most im-
portant, when the spontaneous fission crisis hit, the laboratory already
had an organized research effort that could be shifted quickly to a crash
implosion program. In the second year of the project the strategy of
“overkill” continued as major attention focused on refining determina-
tions of critical mass and exploring implosion. Typically, Los Alamos
researchers sougﬁt the most dependable, rather than the most elegant,
solutions.

The tight deadline scientists and engineers faced was a critical con-
straint. They managed to meet it — the entire Los Alamos project was
completed in a scant twenty-seven months — in part because the orga-
nization of teams combined scientific practice with management proce-
dures borrowed from industry. A strong mission orientation was im-
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Fig. 1.1a. Robert Oppenheimer, theoretical physicist, first director of Los
Alamos laboratory. LA Photo, 85 1780.

Fig. 1.1b. Major General Leslie Groves. Commanding General, Manhattan
Engineer District. LA Photo, LAR 611.

posed: projects in line with the mission received essentially unlimited
funding and material support, whereas others were dropped or starved
(as was the thermonuclear bomb) of resources. Because the research at
Los Alamos was in the national interest, strings were often pulled to
supply high-priority projects with the needed equipment or personnel.
Oppenheimer did his best to ensure research freedom, but to meet
deadlines he was forced to manage the program in quasi-military fash-
ion. He was empowered to function like a general positioning his sci-
entific troops. It was not uncommon for a researcher to be switched
overnight from one project to another having higher priority. Lead-
ers below Oppenheimer on the organization chart directed their groups
with the same militarylike authority. Scientists, engineers, and techni-
cians were expected to work together and communicate effectively, thus
pooling their separate experience and knowledge about particular prob-
lems. Chemists and metallurgists, who rarely talked with each other
before the war, found themselves working together in the same division.
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Information flow was aided by many committees at the laboratory.
Los Alamos was possibly one of the most introspective research orga-
nizations ever to exist. Group and division leaders assessed the work
of their units in biweekly or monthly committiee meetings, and division
leaders participated in various advisory committees, such as the Govern-
ing Board and the Coordinating Council, which continually reported on
progress and suggested the direction of future research. Numerous out-
side consultants, advisers, and committees also reviewed the work, often
biweekly, making recommendations that the laboratory was obliged to
take seriously.

This tightly organized, introspective hierarchical institution brought
forth a new breed of scientific leader, one able to negotiate with commit-
tees, while managing much larger teams than had ever before existed in
science. In the early phases of the implosion program, a practical aca-
demic scientist such as Seth Neddermeyer could cope with directing the
implosion team of half a dozen scientists. But after August 1944, when
some implosion teams included 50 to 100 researchers, the new implo-
sion leaders had to be strong managers. Robert Bacher and George
Kistiakowsky fit into this category.®

By the time Project Y was under way, the American physics com-
munity had matured sufficiently to handle the challenge of building the
atomic bomb. It was no longer scientifically and institutionally backward
in comparison with Europe. Although the group of approximately 200
practitioners of physics in the United States up to 1895 included such
renowned scholars as Henry A. Rowland, Willard Gibbs, and Albert
Michelson, the first American to win a Nobel Prize in physics, Amer-
ica’s physicists were still too few and too widely dispersed to establish
high general standards for research. Most lacked Ph.D.s and few pub-
lished. American physics was then also without professional societies
and journals to disseminate information. Industrial research, already
established in Germany, was virtually nonexistent.!® Nor was there an
adequate institutional structure upon which to build a vital physics com-
munity; only six universities fully prepared students for graduate work in
physics, and not all offered first-rate instruction. America’s best physi-
cists traveled to Europe for their education and published in European
journals. Furthermore, American universities burdened physicists with
large class loads. Finally, in an era that celebrated the useful and prof-
itable, only a few philanthropists sponsored basic research projects. In
government, only the Smithsonian Institution had a policy of promoting
the pursuit of abstract knowledge, and its budget for such purposes was
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limited. The National Academy of Sciences (NAS), a private organiza-
tion founded during the Civil War to advise the government, had little
money or influence inside or outside the scientific community.!?

In the last years of the nineteenth century, progress began to be made
in the institutionalization of this area of American science. The Amer-
ican Association for the Advancement of Science established a physics
section in 1882. In 1894 the Physical Review was published for the first
time. Leaders of the physics community founded the American Physical
Society in 1899.}2 Aided by growing philanthropic support from such
wealthy patrons as Johns Hopkins, Jonas Gilman Clark, and John D.
Rockefeller, Sr., graduate-level programs in physics expanded.

Growth continued after 1900 as new agencies, including the National
Bureau of Standards and the Carnegie Foundation, funded research.!®
Recognizing that basic research had commercial value, large companies
such as General Electric (GE), du Pont, and American Telephone and
Telegraph (AT&T) established research laboratories sponsoring pure
and applied research on a wide range of technologies, such as vacuum
tubes, explosives, chemical dyes, artificial fibers, telephone transmission
equipment, and X-ray and radio tubes. By 1930, almost 33,000 scien-
tists and technicians were employed in industrial research laboratories.
Industrial laboratories tended to emphasize teamwork.!*

The privately funded National Research Council (NRC) brought to-
gether top scientists and engineers from academia, industry, and gov-
ernment to promote military research. During World War I, astronomer
George Ellery Hale promoted, organized, and managed this council un-
der the auspices of the NAS. Although the NRC’s influence with the mil-
itary decreased markedly after the armistice, wartime accomplishments,
including the development of submarine-detection equipment and aero-
nautical instruments, convinced military and government leaders that
science could have defense value. Strengthened ties between the physics
community and industry further stimulated the employment of physi-
cists in industry.!®

American physics continued to prosper throughout the 1920s and
1930s, despite the Depression.!® Advances in quantum theory stimulated
interest in the microscopic structure of matter, and in 1923 Robert Mil-
likan of Caltech was awarded the Nobel Prize for his work on electrons.
In the 1930s and 1940s, Oppenheimer taught quantum theory to large
numbers of students at the Berkeley campus of the University of Cali-
fornia as well as at Caltech. Also at Berkeley in the 1930s and 1940s,
the entrepreneurial Lawrence gathered chemists, engineers, and physi-



Introduction 9

cists together in a laboratory where he built a series of ever-larger cy-
clotrons and led numerous projects in nuclear chemistry, nuclear physics,
and medicine. By bringing together specialists from different fields to
work cooperatively on large common projects, Lawrence helped to cre-
ate a distinctly American collaborative research endeavor - centered on
teams, as in the industrial research laboratories, but oriented toward
basic studies without immediate application.!” This approach flourished
during World War I1.13

Ties between the physics community and the government strength-
ened during the 1930s. The Science Advisory Board was established in
1933 at the instigation of Karl Compton, president of the Massachus-
sets Institute of Technology (MIT). Although attempts to renew the
board’s charter failed in 1935 in the midst of antagonisms between sci-
entists and politicians, the board stimulated federal funding of scientific
projects and gave leaders like Compton, Millikan, and Vannevar Bush
political experience and contact with important members of the Roo-
sevelt administration.’® Such scientific leaders, whose talents spanned
science, engineering, and management, were brought forward by the
wartime projects.

As political troubles loomed in Europe, American physics reaped ben-
efit from tragedy. Between 1933 and 1941 more than 100 physicists,
mostly Jews from Germany and Austria, fled to the United States to
escape Hitler and Mussolini. American laboratories, now capable of
providing both economic security and a stimulating intellectual envi-
ronment, attracted such people as Enrico Fermi, Hans Bethe, John von
Neumann, Edward Teller, and Eugene Wigner. These immigrant scien-
tists made important contributions to American science and helped to
complete its maturation.2’

As this book argues, the factors operating in wartime Los Alamos
— the pragmatic mission of the laboratory, its ample financial support,
strict time pressure, and the imposed risk-averse policy - in combina-
tion gave rise to an empirical problem-solving methodology based on
systematic trial and error rather than thorough analysis. Traditional
analytic methods were simply too slow. Among the particular tech-
nigues that the Los Alamos physicists and chemists used frequently, in
combination with more traditional scientific ones, were the Edison ap-
proach of trying, in the absence of good theoretical guidance, one after
another system or material; the shotgun approach, in which all exper-
imental techniques available and everything known about a particular
issue were fired at the problem to be solved, in hopes that one or more
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techniques would hit on a piece of the problem and reveal some impor-
tant facet; overlapping approaches, in which multiple approaches were
taken simultaneously to a specific problem in recognition that any one
could be incomplete and uncertain by itself, but that together they might
be used to build up a consistent picture; the small-scale model study, to
save time and precious materials; iteration, the systematic generalization
of cut-and-try “tinkering,” long characteristic of American science,’! in
which empirical models were progressively improved after testing; and
numerical analysis, now for the first time extensively done by comput-
ing machines. Although messy and unaesthetic, numerical methods were
more far-reaching than analytical models alone, which were simply too
incomplete and idealized to handle concrete problems. However. when
combined with analytic methods, numerical ones formed a tool of strik-
ing power.

To illustrate, the Edison approach guided the countless implosion
shots fired. The shotgun technique was combined with overlapping ap-
proaches in the many-stranded implosion diagnostic program, in which
seven complementary types of experiments — X-ray, photographic, ter-
minal observations of implosion remains, magnetic, electric “pin,” be-
tatron, and the “RaLa” method — were oriented toward gathering a
flood of data on implosion. Scale models were used in every implosion
diagnostic exercise. Iteration was used extensively in the explosive lens
program because explosives exhibited complex phenomena and had been
little studied previously. In building lenses, theorists would make edu-
cated guesses of the index of refraction, on the basis of which the lenses
were cast with approximately correct geometries. Their actual index of
refraction and focusing properties were then determined and used by
the theorists to improve their guesses for the next iteration toward good
experimental lenses. Similarly, the development of detonators required
trial and error and redundancy, because there was no other way to meet
the deadlines reliably. Numerical methods, carried out with the help
of IBM calculators (International Business Machines), were employed
extensively in the implosion program. The brute-force Christy design
simply circumvented the serious symmetry and stability problems of a
more elegant implosion design.

The special conditions that nurtured the new approach could continue
only under the wartime pressures to build the atomic bomb. Although
quite a few members of the original Los Alamos scientific community re-
mained at the laboratory after the war to complete the unfinished work
or to take part in the new science that splitting the nucleus had just
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begun, most of them, including the director and all the division lead-
ers, chose to return to former academic homes or new ones, since post-
war support of the physical sciences opened new opportunities. Those
who dispersed transplanted the Los Alamos approach. In turn, the new
methodology helped to restructure American science, opening new vis-
tas in both applied and pure science, from the space program to research
on subatomic elementary particles, to numerical studies of astrophysics.
For example, R. R. Wilson reflects that in creating Fermi National Ac-
celerator Laboratory (Fermilab) in the late 1960s — a laboratory designed
to conduct forefront research in particle physics — he initially tried to
recreate a kind of science city reminiscent of Los Alamos. The empir-
ically oriented trial-and-error methodology used during World War II
proved to be both cost- and time-effective during the building of Fermi-
lab. Wilson admits that he probably had wartime Los Alamos “in the
back of [his] mind.”22
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Early Research on Fission:
1933-1943

Following the discovery of nuclear fission in 1938, scientists in Germany,
France, Great Britain, the Soviet Union, Japan, and the United States
began to investigate the possibility of exploiting this energy source for
military purposes. The United States alone was able to draw its gov-
ernmental, industrial, and scientific capabilities into an efficient bomb-
building collaboration. It had not only the manpower, materials, and
industrial support needed for the expensive project — eventually to cost
$2.2 billion ~ but also a sizable and competent physics community well
versed in technology, strengthened by talented emigrés, with ties to gov-
ernment and industry, and close international contacts.! Some American
scientists, like Ernest Lawrence, were experienced in managing large re-
search efforts. This community also included older scientific statesmen,
like Vannevar Bush, with political experience and proven abilities in
coordinating government-sponsored applied research projects. On 9 Oc-
tober 1941 Bush persuaded President Franklin Roosevelt to authorize
American research on the feasibility of a fission bomb.?

* This chapter is based on a draft by Catherine Westfall, with contributions from
Paul Henriksen, Roger Meade, and Robert Seidel. We thank Spencer Weart, Roger
Steuwer, and Richard Hewlett for helpful comments, and Gordon Baym and Alison
Kerr for critical editing.
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The Discovery of Nuclear Fission

The events leading to Los Alamos began in 1933, when Frédéric Jo-
liot and Iréne Curie produced artificial radioactivity by bombarding
aluminum with alpha particles. The next year Enrico Fermi and his
co-workers in Rome bombarded a variety of elements with neutrons,
the neutral fundamental particles that James Chadwick had discovered
in 1932. Upon bombarding uranium, Fermi’s group found an unex-
plained radioactive substance and speculated that they had created a
new transuranic element.® A number of scientists challenged this notion,
among them the German chemist Ida Noddack, who instead suggested
the atom might have fragmented into several lighter elements. Little
notice was given to Noddack’s curious idea, which seemed to contradict
current theories of nuclear physics.*

As European politics grew more turbulent, scientific interest in the
mysterious radioactive phenomenon also increased. Shortly after hear-
ing of Fermi’s experiments in Rome, Otto Hahn and Lise Meitner bom-
barded uranium at the Kaiser Wilhelm Institute in Berlin; Fritz Strass-
mann soon joined them. In Paris, Iréne Curie undertook similar research
in 1937. In the next two years a number of others, including Philip
Abelson at Lawrence’s Radiation Laboratory in Berkeley and Norman
Feather and Egon Bretscher at Cambridge, explored the radioactivity of
bombarded uranium.®

After Meitner fled Germany in late 1938, to escape Nazi persecution,
Hahn and Strassmann decided to study the radioactive substances re-
sulting from neutron-bombarded uranium. They took these substances
to be radium isotopes but to their surprise, found they could not chem-
ically separate the suspected radium from the barium being used as a
carrier. Their subsequent chemical analyses indicated that the decay
products indeed resembled barium.®

Before Hahn and Strassmann published their paper on this bewilder-
ing finding, however, Hahn described it in a letter to Meitner, who was
by then in Sweden. Meitner’s nephew, Otto Frisch, had come from Niels
Bohr’s Institute in Copenhagen to spend the Christmas holidays with
her, and together they tried to make sense of the puzzle. Upon consid-
eration of Bohr’s recent liquid drop model of the nucleus, they wondered
whether the barium could have indeed been produced through a break-
ing apart of the uranium nucleus! They contemplated this possibility
the day before Christmas, during an outing in the snow. Sitting down
on a tree trunk, they calculated the balance of energies for a liquid drop
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model of the uranium nucleus bombarded by a neutron. The calculation
convinced them that the nucleus could indeed divide.”

When Frisch returned to Copenhagen, he explained this finding to
Bohr, who was just then preparing to visit the United States. Before
Frisch could finish the explanation, Bohr exclaimed, “Oh, what fools we
have been!” The idea that had previously seemed curious now seemed
obvious.® In a series of long-distance telephone conversations in early
January 1939, Frisch and Meitner composed a note for Nature on their
interpretation of the division of a uranium nucleus. Frisch also drafted
another note announcing that he had confirmed the new phenomenon
by detecting fragments from the split uranium nucleus in an ionization
chamber. In the paper with Meitner, he dubbed the process “fission,”
on the analogy of cell division.®

Bohr announced the discovery officially on 26 January 1939 at the
annual theoretical physics conference at George Washington University
in Washington, D.C. The discovery was soon confirmed by researchers at
several laboratories in the United States and Europe.!® With abundant
experimental confirmation and a compelling theoretical explanation, the
scientific community accepted the phenomenon immediately.

Throughout 1939 fission research was conducted in many laboratories
in Western Europe and the United States. No one knew yet whether
fission could be applied to produce power or an atomic bomb. Despite
the obvious military implications of such a reaction, most of the earlier
fission work was aimed at satisfying scholarly curiosity rather than at
producing a divergent (runaway) chain reaction. The possibility of a
chain reaction depended on whether fission produced neutrons in suf-
ficient numbers and with the energy needed to trigger further fission
reactions. By late February 1939, the Paris team, using methods sug-
gested by Hans von Halban and Lew Kowarski, concluded that neutrons
were indeed released in the fission of uranium nuclei. The fundamental
condition for a chain reaction was therefore satisfied.!!

Researchers surrounding Fermi, now at Columbia University in New
York, came to the same conclusion after Leo Szilard, a far-sighted,
unconventional Hungarian emigré, provided them with a gram of pri-
vately procured radium to use as the a-particle emitter in a neutron
source based on the (a-particle, neutron) reaction. With this radium
and Columbia’s radon—beryllium source, Fermi’s team conducted exper-
iments analogous to those of Halban and Kowarski, from which they
obtained similar results.!? In February 1939, Fermi’s team also reported
that fission seemed more likely to occur when the neutrons moved more
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slowly. This observation implied that a chain reaction might be more
readily produced if a moderator, such as heavy water, could slow down
the neutrons.

On 18 March 1939, two days after German troops invaded Czechoslo-
vakia, Fermi met with American naval officers and explained in the most
conservative terms the possible results of using nuclear chain reactions
in bombs: such reactions might be capable of blasting craters more than
a mile in diameter or of propelling submarines. The officers were inter-
ested enough in Fermi’s presentation to keep track of future research,
but they saw no need to ask the government to sponsor fission research.
However, they did donate $1,500 to Columbia University toward Fermi’s
fission research.!®

By this time, Fermi had come to the conclusion that the number of
neutrons created per fission (v) was too small to support a chain reaction.
Halban, Joliot, and Kowarski in France disagreed. They calculated v
to be 3.5 and published this result on 22 April 1939, despite fervent
efforts by Szilard to keep this and other information concerning chain
reactions secret. Even though the French team’s value of v turned out to
be mistakenly optimistic (a later, more accurate, measurement yielded
2.6), their work helped keep alive the hope of creating a nuclear chain
reaction.!*

The French publication of the v for uranium in April spurred Al-
lied research on chain reactions. Struck with the implications, British
physicists George P. Thomson and William L. Bragg conferred and con-
cluded that uranium would probably be a good source of power and
heat and could perhaps be used to produce a powerful explosion. In re-
sponse, the British government began to procure uranium and sponsor
fission research, efforts that later proved beneficial for both the British
and American war efforts. In Germany, v calculations confirmed by
Gottfried von Droste and H. Reddemann caused great excitement. Sev-
eral German scientists independently informed their government of the
military and economic potential of nuclear fission, prompting Hitler’s
bureaucracy also to procure uranium and undertake fission research.!®

Through mid-1939, Fermi’s group at Columbia and Joliot’s in Paris
carried out fission reaction studies, although their work with dispersions
of uranium oxide had not so far produced such a reaction. Theorist
George Placzek, then at Cornell, identified the problem; the concentra-
tion and spatial arrangement of the moderator and fissionable material
in the mixture had to be just right. With too much uranium, neutrons
would be captured as they slowed down, because the predominant iso-
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tope in natural uranium, 234U, has a large cross section for capturing
neutrons at a particular intermediate energy, less than that of fission
neutrons but more than that of slow neutrons. With too little uranium,
slow neutrons would be absorbed by hydrogen in the water modera-
tor. Although mixtures of various ratios of water and insoluble uranium
oxide were tested both at Columbia and in Paris, no chain reaction
was achieved because these nuclear properties were not yet understood.
Throughout 1939, the French team searched for the correct mixture. Szi-
lard wanted to try using graphite as the moderator with uranium oxide
but had difficulty in obtaining sufficient quantities of these materials.
Fermi had several experiments in mind, but he was feeling pessimistic
about the possibilities of nuclear energy and was also tired of work-
ing with Szilard.!® He turned to theoretical studies of cosmic rays until
enough material could be obtained for a large-scale experiment. The
withdrawal of these members of the Columbia team from chain reaction
research in effect shut down American work until the spring of 1940.

European efforts also proceeded at a slow pace. The British pro-
gram in the summer of 1939 included two chain reaction studies, one
by Thomson, the other by Mark L. Oliphant, but the results were dis-
couraging. Furthermore, many British physicists were more concerned
with developing radar because, like Thomson and Oliphant, they felt
that possible applications for fission were remote. The British uranium
program made little progress after Britain and France entered the war in
September 1939. In late 1939, only the French were reporting advances
in chain reaction work, after achieving a convergent chain reaction in
a homogeneous mixture of uranium and water. But they published no
more results once the war began.!”

Just as chain reaction research came to an impasse, important new in-
formation became available. Two days before France and Britain entered
the war, Bohr and John A. Wheeler, a Princeton physicist, published
the definitive theoretical analysis of fission. This study implied that the
rare isotope 23°U - not the more common 2*3U - was the component
of natural uranium most likely to undergo fission. Attention turned to
studies of 235U,

Among those who studied 2*3U were Frisch, now trapped in Birming-
ham by the outbreak of the war. Although as an alien he was not allowed
to participate in highly sensitive radar research, he was able to pursue
his studies of 233U. He tried to separate 23°U from 2%®U using a method
of thermal diffusion developed by German chemists Klaus Clusius and
Gerhard Dickel. Clusius and Dickel had almost completely separated the
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major chlorine isotopes with this method, but separating 2**U would be
more difficult, because nuclear mass difference and the amount of 23°U
in 238U were both small.'® Early in 1940, Columbia physicist John R.
Dunning studied the fissioning of a sample of 2**U that had been sep-
arated in a mass spectrometer by Alfred O. Nier at the University of
Minnesota. By the time Dunning’s group published the result, German
work on isotope separation had begun in earnest. Werner Heisenberg
had worked out a theory for energy production by nuclear fission based
on the assumption that 235U was the most likely isotope to fission. Sim-
ilar work was also under way in the Soviet Union.!®

By this time, communication on fission research between countries had
become guarded, even among allies. The problems noted by Placzek -
neutron absorption in water and resonance capture in uranium - had not
been resolved; the last published French experiment seemed to show that
a homogeneous uranium and water mixture could not be made critical.
By late 1939, the solution occurred independently to scientists in the
United States, France, and Germany: it would be necessary to devise a
heterogeneous reactor made of a moderator and uranium oxide, so that
neutrons would be less likely to hit the uranium at speeds leading to

capture.??

Possibility of a Fission Bomb: The MAUD Committee

Although many physicists in 1940 still doubted that a uranium fission
bomb could be built, some of them - including Rudolf Peierls and Frisch
~ thought about whether an atomic weapon was feasible. Fearing that
such a weapon might already be on the drawing boards in Germany,
these German emigrés, now in Birmingham, began to calculate features
of an atomic bomb.%!

Peierls performed critical mass calculations on the basis of work done
by Francis Perrin in the Paris group. He found that natural uranium
had a critical mass of tons, much too large for use in a bomb. In the
early spring, however, he and Frisch decided to calculate the critical
mass of pure 2*3U. They assumed - justifiably, as it turned out - that
most incident neutrons, of all energies, cause 233U to fission. Although
at first their calculations seemed little more than an academic exercise
in view of the difficulty of obtaining the pure form of the rare isotope,
their interest heightened when their initial estimates indicated that only
about a kilogram was needed for a chain reaction.??
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Frisch and Peierls now calculated that a thermal diffusion scheme
with a hundred thousand separation tubes might separate the required
amount of 22°U from the more abundant isotope ?*®U in a matter of
weeks. The magnitude of the predicted explosion was astonishing: a
5-kg bomb would yield the same energy as several thousand tons of
dynamite! Working in Great Britain, where German air attacks were
having a devastating effect, the two refugees looked to an atomic bomb
as a beacon of hope in a bleak time, when, as Peierls explained recently,
the war “didn’t look so hopeful.”?

Peierls and Frisch then presented the first thorough scientific analysis
of the feasibility and destructive power of a fission bomb in a memo-
randum that provided the theoretical explanation for their critical mass
calculations. They suggested methods for detonating the weapon and
for avoiding premature detonation, proposed a thermal diffusion method
for separating isotopes, and evaluated the destructive effects of the bomb
and the dangers of radioactivity. This memorandum went to Oliphant,
who in March 1940 passed it on to Thomson, whom the British govern-
ment had put in charge of uranium research. The British immediately
took steps to protect their uranium oxide stocks, find out about the
level of uranium research in Germany and America, and organize their
scientific expertise.2*

On 10 April 1940, Thomson convened the first official British scientific
committee on atomic bomb research. Known by its code name MAUD,
this committee included Oliphant, John D. Cockcroft, and Philip B.
Moon. It was linked to the Ministry of Aircraft Production (MAP).
Peierls, who had just been naturalized, and Frisch, still classified as
an enemy alien, were not allowed to take part in the meetings, despite
their expertise. When Peierls pointed out the decision was both unrea-
sonable and stupid because the two could make valuable contributions
to the research, arrangements were made to include them and other
refugee scientists, by way of a technical subcommittee. And when the
French government warned that the Germans were interested in seiz-
ing a heavy water plant in Norway, the MAUD committee launched an
all-out research effort. Although Prime Minister Winston Churchill’s
scientific adviser, Sir Henry Tizard, had argued that “uranium disinte-
gration” was not “in the least likely to be of military importance in this
war,” British scientists slowly mobilized for nuclear research aimed at
developing an atomic weapon. James Chadwick organized pure research
activities at his home institution in Liverpool and invited Bretscher and
Feather at Cambridge and a group at Bristol to join in. At Birmingham,
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William N. Hayworth directed the chemical work necessary for isotope
separation studies, enlisting help from the large industrial firm, Imperial
Chemical Industries. Frisch and Peierls contributed to both efforts in a

number of capacities.?®

The American and British Bomb Programs: 1940-1941

American work on a nuclear bomb proceeded more slowly, perhaps be-
cause the United States was not yet at war. One of the early decisive
steps was the famous Einstein letter, arranged by Szilard with the help
of his Hungarian colleagues Eugene Wigner and Edward Teller. Trasmit-
ted to President Roosevelt in late 1939 by economist Alexander Sachs,
the letter reported on recent work at Columbia and in Paris and urged
the government to support uranium research. In response, Roosevelt
established the Advisory Committee on Uranium, chaired by Lyman J.
Briggs, director of the National Bureau of Standards (NBS).

American interest in uranium research gradually increased over the
next six months. Fermi and others, including Ross Gunn, the techni-
cal adviser of the Naval Research Laboratory, discussed the potential
of a 23°U chain reaction at the April 1940 American Physical Society
Meeting. At Gunn’s suggestion, the government formed a scientific sub-
committee to the uranium committee that included physicist George B.
Pegram, an administrator at Columbia; Nobel laureate Harold Urey,
a chemist expert in isotope separation; Jesse W. Beams, a centrifuge
expert from the University of Virginia; Merle A. Tuve, a Carnegie In-
stitution physicist interested in developing isotope separation with a
centrifuge method; and Gregory Breit, a physicist at the University of
Wisconsin. In June, Bush, then president of the Carnegie Institution,
persuaded Roosevelt to appoint him head of a new organization, the
National Defense Research Committee (NDRC). The committee, act-
ing under the authority of the World War I Council of National De-
fense, broadened U.S. efforts in defense science by enlisting scientists
not employed by industry or the government. By this time, the uranium
program had been granted funds to buy materials and equipment for
Fermi.?$

By spring 1940, Szilard had obtained four tons of graphite, purer than
that used by the French team, with which to continue chain reaction re-
search at Columbia. Thanks to Fermi’s careful calculations of the effects
of the pile’s finite size, the Columbia experiments were more sensitive
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than similar ones in France and thus required less graphite to produce
reliable results. In addition, Fermi and Szilard were considerably ahead
of their French counterparts in developing the optimum moderator-to-
uranium ratio. Szilard had been making three-dimensional lattice cal-
culations since early 1940. Whereas the French team never got beyond
rough ideas about how to arrange the uranium, Fermi and Szilard re-
alized by mid-May the advantages of arranging uranium blocks in a
three-dimensional lattice embedded in the moderator. They found com-
pelling evidence that a graphite-moderated pile could be used to produce
a chain reaction.2”

Fermi planned to publish these results, but Pegram, urged on by Szi-
lard, argued successfully against publication. This move proved fortu-
nate for the Allies. Kept ignorant of Fermi’s success with graphite, the
Germans, who were also conducting sophisticated theoretical analyses of
the proper arrangement of uranium in a moderator, subsequently aban-
doned their work on carbon moderators. Instead they focused on the
use of heavy water, a substance that was to become scarce in Germany
after the British raid on the Vemork hydroelectric station in occupied
Norway.2®

In June 1940, Abelson and Edwin M. McMillan in Berkeley announced
the discovery of element 93, the first transuranic element, which they
later named neptunium. Although at this time McMillan and Abelson
did not see the connection between their work and chain reaction stud-
ies, the discovery of neptunium proved to have important short- and
long-term consequences for the fission field. After hearing about the
new element, Princeton physicist Louis A. Turner correctly guessed that
neptunium beta decays to produce an element of higher atomic number.
Bretscher and Feather at Cambridge independently came to the same
conclusion. Encouraged by this speculation, researchers at Berkeley
mounted efforts to create the higher element, later named plutonium.?®
At the same time, the announcement of neptunium’s discovery prompted
a flurry of protests within the American physics community about the
propriety of publishing such work. Breit, whom Briggs would soon ap-
point to coordinate theoretical work on fast neutron research, organized
a successful effort in the United States to persuade both scientists and
editors of scientific journals to refrain from publishing papers relating
to fission. After the war it became apparent that the German nuclear
power project used the article on the discovery of element 93 and others
in key U.S. publications to outline the military applications of nuclear

fission.??
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Scientific communication between Great Britain and the United States
had almost ceased by this time as the war had begun to take its toll.
Through the efforts of Lord Lothian, Great Britain’s ambassador to the
United States, collaboration between the two countries resumed. The
“Tizard mission,” a group of British scientists, including Tizard and
Cockcroft, arrived in Washington, D.C., in September 1940, bringing a
black box containing drawings and other details of British inventions
and weapons.?! This exchange revealed that American researchers were
months behind the British in most war-related research, but ahead in a
few areas, notably, in their work on the centrifuge method of 235U sep-
aration. Cockcroft recognized that the United States, with its immense
industrial capability, was better suited than Britain for the research and
development of the bomb. As a result, scientific liaison offices were set
up in Washington and London, and later in Ottawa. With this ma-
chinery in place, a great deal of information was exchanged, although
British scientists complained that many more technical reports traveled
from Britain to America than in the opposite direction.’?

Throughout 1940 and 1941, Britain continued to contribute heavily
to the basic understanding needed to create a uranium bomb. In the
summer of 1940, Halban and Kowarski joined the British effort and, after
gathering a small group at Cambridge, began chain reaction studies in
November using a sphere filled with a mixture of uranium oxide and
heavy water. By December, they had gathered substantial evidence to
indicate that it would be possible to create a divergent chain reaction.?®

Meanwhile, isotope separation studies on both sides of the Atlantic
were focusing on gaseous diffusion. In Britain, Frisch and Peierls made
a detailed theoretical analysis of a variety of separation schemes and
concluded that gaseous diffusion was the most promising method. Peierls
recorded their conclusions in a series of papers for the MAUD technical
subcommittee. A group of researchers at Oxford were already thinking
about the possible design of a 23%U separation plant. By the end of 1940
they had produced initial plans for an industrial-sized gaseous diffusion
plant.’* In May 1940, Harvard chemistry professor George Kistiakowsky
introduced the idea of gaseous diffusion to Bush at a conference at the
Carnegie Institution. Kistiakowsky investigated a diffusion apparatus
for separating mixed gases that had been developed by the U.S. Bureau
of Mines. At the same time, Dunning and a team at Columbia were
exploring alternate gaseous diffusion schemes.®®

As this work progressed, researchers in Britain grew more optimistic
about the prospect of an atomic weapon. Tuve’s group at the Carnegie



22 Critical Assembly

Institution had just sent their measurements of the fission cross section
of natural uranium at various energies to Britain. The behavior of 233U
and 232U deduced from these measurements exactly matched the pre-
dictions made by Bohr and Wheeler’s theory of fission. In March 1941
Peierls wrote, “This first test of theory has given a completely posi-
tive answer.”%® He now felt confident that only a few kilograms of 23U
would be needed for a critical mass if a scattering or tamper material
was used. The British were further encouraged in April by Geoffrey I.
Taylor’s thorough calculations of the bomb’s destructive potential, which
indicated that a 10-kg bomb would deliver the power of about 1,000 tons
of TNT.?” When measurements of the fission cross section at Liverpool
confirmed those made in Washington, Chadwick became convinced “that
a nuclear bomb was not only possible — it was inevitable.”3?

With the discovery of plutonium, the American program gathered
more steam. In mid-1940, McMillan had noticed an a-emitting body,
while watching the decay of element 93, neptunium. He wondered
whether he had produced an isotope of element 94, the new element
predicted by Turner, Bretscher, and Feather, and made attempts to
separate neptunium from the a activity to make a chemical identifica-
tion. This work was interrupted when McMillan left Berkeley to join
the radar project at MIT. The investigation was assumed by chemists
Glenn T. Seaborg, Joseph Kennedy, and Arthur Wahl.?®* Working late
into the night, graduate student Wahl made the final oxidation on 25
February 1941. As Seaborg later recorded in his diary, the results made
it “clear that our alpha activity is due to the new element with the
atomic number 94.”4°

Bohr and Wheeler’s theory of fission suggested that the new element
plutonium had a fissionable isotope. But could it be created and would
it actually fission? At the urging of Fermi and Emilio Segre, Lawrence
was persuaded to order the production of enough plutonium to answer
these questions. In a painstaking series of experiments that stretched
throughout March, Seaborg, Kennedy, and Segré created 2*°Pu at the
60-inch cyclotron, irradiated it with neutrons, and detected fission. En-
couraged by plutonium developments and concerned by the worsening
outlook of the war, Lawrence strongly advocated a large American bomb
effort.#!

British confidence in the feasibility of a 2**U weapon became official in
July 1941. Late in the month, the MAUD committee announced it had
“reached the conclusion that it [would] be possible to make an effective
uranium bomb” and explained why 233U was needed for an explosive
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chain reaction, what size the bomb should be, why the bomb would be
efficient, what the damage would be, how the bomb could be fuzed to
prevent premature explosion, and how it would be possible to separate
23577 42

Physicist Charles C. Lauritsen of the California Institute of Technol-
ogy (Caltech) was in London when the MAUD report appeared and
relayed the committee’s optimistic conclusions to Bush. In the same
month, Seaborg and Segré reported the first rough measurement of the
fast-neutron fission cross section of 2*°Pu, finding the value to be 3.4
times greater than that of 233U. This encouraging evidence, coupled
with British optimism, fueled further American bomb research. As in-
formation from the MAUD committee was being transmitted through a
number of channels to American researchers, Bush worked with chemist
James B. Conant, then president of Harvard, to strengthen the existing
Committee on Uranium and drafted plans for drastically enlarging the
American bomb program. In October 1941, Bush presented these plans
to Roosevelt, who subsequently authorized a full-scale effort to explore
the possibility of building an atomic weapon.*3

Bush, Conant, and other scientists who had participated in the World
War I mobilization of American science now joined government and mil-
itary leaders (notably, President Roosevelt and Gen. Leslie R. Groves)
as well as industrialists (such as Percival Keith, vice president of the M.
W. Kellogg Company, and the contractor for the gaseous diffusion plant
development) to create the network of politicians, engineers, industrial-
ists, and scientists that would develop the atomic bomb. The resulting
project would draw on prewar models of team research found in scien-
tific laboratories, such as Ernest O. Lawrence’s Radiation Laboratory in
Berkeley, and in the research laboratories of industrial firms such as GE,
du Pont, and AT&T. The scientific community would offer state-of-the-
art research and scientific apparatus, as well as a system of assessment
by expert review. The military would bring strong focus on a combat
mission and a risk-averse approach to solving problems. Industry would
add technological experience and further expertise in organization. The
project would become the largest, most expensive national research and
development effort yet created.



3

The Early Materials Program:
1933-1943

A comprehensive American program of research on plutonium and 23U
isotope separation evolved between mid-1941 and mid-1942. Plans were
formulated for the construction of plutonium production reactors, ura-
nium separation plants, and centralized bomb research facilities. The
program for producing 2*°U by gaseous diffusion was slowed both by
the technical problem of finding a suitable isotope separation filter, or
“barrier,” and by the difficulty of coordinating Kellogg Company em-
ployees and Columbia University researchers. Despite such obstacles,
plans for providing fissionable materials were well on the way to being
implemented by 1943.

Expansion of the American Atomic Bomb Program

In June 1941, Vannevar Bush persuaded President Roosevelt to form
the Office of Scientific Research and Development (OSRD), under the
aegis of the Office of Emergency Management. With Bush as director,
the OSRD assumed responsibility for mobilizing scientific resources and
applying research to national defense. James Conant replaced Bush as

* This chapter is based on a draft by Catherine Westfall, with contributions from
Paul Henriksen, Roger Meade, and Robert Seidel. We thank Spencer Weart, Roger
Steuwer, and Richard Hewlett for helpful comments, and Gordon Baym and Alison
Kerr for critical editing.
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chairman of the National Defense Research Committee, which now op-
erated as a unit of the OSRD. Recommendations for research contracts
were channeled through Conant and placed by Bush. The Advisory
Committee on Uranium, essentially a research organization, became the
S-1 Section of OSRD and remained in place throughout the war. Bush
and Conant established three subsections of S-1: one on theoretical re-
search under Fermi; one on power production under George Pegram,
physicist and dean of the graduate faculties at Columbia University; and
a third on heavy water and isotope separation under Columbia chemist
Harold Urey.!

For technical advice on uranium research, Bush turned to an already
formed NAS committee led by Karl Compton’s brother, Arthur Holly
Compton. This committee, which included Ernest Lawrence and theo-
rists John Slater and John Van Vleck, had the task of calculating the de-
structiveness of the bomb. Lawrence discussed the problem with Robert
Oppenheimer, who calculated the fraction of available fission energy that
would be released in a fission explosion. His conclusion, confirmed by
Compton and George Kistiakowsky, was contained in the NAS commit-
tee report of 6 November. “A fission bomb of superlatively destructive
power will result from bringing quickly together a sufficient mass of ele-
ment 2337.”2 Spurred on by this optimism and aided by the committee,
Bush drafted plans for an enlarged bomb effort. The Japanese attack on
Pear]l Harbor on 7 December 1941 and the U.S. entry into World War
IT heightened the determination to build an atomic weapon quickly to
counter the Japanese attack and preempt a German atomic attack.

Bush recognized that building the bomb would require a great deal
of research. Almost nothing was known about the chemical, physical,
or nuclear properties of plutonium or about how to design production
piles or devise the necessary chemical separation schemes. Although
production piles were needed to create plutonium, a divergent chain
reaction had not yet been achieved. The great stumbling block to a
uranium weapon was isotope separation; no production-scale process
existed for preparing enriched 2**U. Even after the chain reaction was
demonstrated a year later, in December 1942, and after provisions were
made for producing 2**U and 2*°Pu, much work remained: designing
and building a weapon required navigation of the uncharted physics of
fast-neutron chain reactions.

By mid-December 1941, the outlines of the new program had emerged.
Bush assigned responsibilities: chain reaction studies and weapon the-
ory to Compton, electromagnetic separation and plutonium research to
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Lawrence, and heavy water research and centrifuge and diffusion sepa-
ration methods to Urey. Plans for building industrial-scale uranium and
plutonium production plants proceeded alongside the research program.
The task of preparing for the production phase was given to chemical en-
gineer Eger V. Murphree, who formed a planning board for engineering
assistance.’

Soon after Bush made these assignments, Lawrence and Urey orga-
nized their respective research programs. Compton had to solve a serious
organizational problem before starting his effort. Research on the chain
reaction and weapon theory was being coordinated at an increasing num-
ber of universities in the country; this work could not be consolidated
in one place because the experimental research could only be done with
certain machines by a small number of experimental nuclear physicists,
and neither machines nor physicists could be easily uprooted from their
universities or government homes. On 3 January 1942, Compton called
a meeting in Chicago to discuss the organization of his project. He de-
cided that Fermi would build a pile at Columbia, physicist Samuel K.
Allison would build one at Chicago, Wigner would concentrate on the
theory of the chain reaction at Princeton, and Oppenheimer would con-
centrate on theoretical studies of fast-neutron reactions at Berkeley. In
late January 1942, however, Compton decided that research for the plu-
tonium weapon should be consolidated at the University of Chicago. He
formed a new organization, code-named the Metallurgical Laboratory
(Met Lab) and named Richard Doan director. Compton appointed Al-
lison, Wigner, and Fermi to coordinate the research studies at Chicago,
and he asked Szilard to procure supplies. Over the next few months, the
Columbia and Princeton groups moved to Chicago.*

Compton also organized chemical and metallurgical research, nam-
ing chemist Frank Spedding of Iowa State University in Ames the di-
rector of chemical research. Spedding led three groups; these studied
the metallurgy of uranium and plutonium, the separation of plutonium
from uranium and fission products, and the health protection of workers.
The work at Ames complemented that of four groups at the Met Lab,
where Charles Coryell led research on fission product chemistry, George
Boyd’s group worked on materials research (which included analyses of
the purification of materials), Milton Burton’s group studied the then
poorly known effects of radiation on materials and chemical processes,
and Herbert McCoy’s group researched the processing of pile materials,
in conjunction with an engineering group under Thomas V. Moore. Plu-
tonium separation studies continued at Berkeley under the direction of
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Fig. 3.1. Ernest Lawrence, Enrico Fermi, and Isadore I. Rabi. LA Photo,
LAT 419.

Kennedy and Wahl. Seaborg, now at the Met Lab, directed the larger
plutonium separation effort.’

In February 1942, Compton asked Gregory Breit of the University of
Wisconsin to coordinate physics research on fast-neutron phenomena.®
This research was essential to determining the size of critical masses and
efficiencies of explosion. Using new fission cross-section data, Breit and
Oppenheimer estimated that only 5 kg of 2*>U would be needed for a
spherical critical mass, in contrast to the 2-100 kg estimate given by
the NAS committee in November. The new estimate agreed with that
indicated in the MAUD committee’s report.

The smaller critical mass meant that less fissionable material had to
be produced. More precise calculations allowed Compton to recommend
sizes of production plants with greater certainty. However, critical mass
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estimates continued to vary through 1944, even after plans for produc-
tion plants were well under way. In January, Bush asked Oppenheimer
and Kistiakowsky to reexamine the data and make new efficiency calcula-
tions. Previous estimates had indicated that the weapon would have the
destructive power of 600 tons of TNT. Oppenheimer and Kistiakowsky
now concluded that it would have the equivalent power of 2,000 tons.”

Bush gave top priority to isotope separation, pile-related chain re-
action studies, and plutonium research — areas in which a great deal
of work was needed before detailed weapons research could begin. Be-
cause of the extensive industrial effort required to set up and operate
isotope separation plants, early planning for uranium production was
especially crucial. Murphree’s Planning Board outlined four immediate
goals: build experimental gaseous diffusion and centrifuge units on an in-
dustrial scale, design pilot plants for isotope separation, secure sufficient
supplies of uranium oxide and other materials needed for the plants,
and produce a small supply of heavy water in case graphite moderators
proved unsatisfactory. Bush coordinated the efforts; Hugh S. Taylor at
Princeton developed a suitable process.?

At Berkeley, Lawrence used his mass spectrometer to work on the
electromagnetic isotope separation method, in which gaseous uranium
ions travel circular paths under a magnet, the ions of the lighter isotope
following a tighter circle ending in a collection cup. In early January
1942, Lawrence produced by this method 18 pg of material enriched
to 25 percent 23*U. The next month, he produced three 75-ug samples
containing 30 percent 233U. On the basis of these successes, he planned to
use the magnet from the 184-inch cyclotron to provide fields for a number
of such mass spectrometers — “Calutrons,” named for the University
of California (California University Cyclotrons). These devices would
provide the material for the initial American and British experiments.®

After the early start on gaseous diffusion at Oxford and Columbia,
progress lagged. The problem of finding a suitable barrier for separa-
tion plagued 2*°U production efforts. Eventually Taylor at Princeton
solved the problem.!® Also needed was a high-speed pump that incor-
porated a seal capable of functioning for long periods at sustained high
speeds without lubricant in corrosive uranium hexafluoride gas.!* To
make gaseous diffusion practical, Murphree’s Planning Board initiated
a large research effort in early 1942 to develop first a pilot plant and then
an industrial facility. Percival Keith, vice president of the M. W. Kellogg
Company, was recruited to direct this effort, which drew on the expertise
of many companies and universities. Keith sent Kellogg researchers to
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Columbia to help design separation and barrier equipment. He also con-
tracted with several pump manufacturers and enlisted Henry A. Boorse
and others at Columbia to work on the pump problem. Because a great
deal of preliminary research had to be done on lubricating substances
and seals and on the resistance of materials to corrosion, Keith did not
begin designing the detailed pilot plant until late spring 1942.12

In late 1942, when many of the gaseous diffusion problems were known
but not solved, a new development caused further complications. After
a review of the project in October 1942, Conant suggested to Bush that
it was time to limit the Anglo-American partnership. Noting that the
U.S. project had shifted largely to military control and that the United
States was doing most of the developmental work, and feeling that U.S.
security was best served by closer control of information, Conant saw “no
reason for a joint enterprise as far as development and manufacture is
concerned.” This conclusion was passed on to Roosevelt, who restricted
the exchange of information between the United States and Britain. The
results of this new policy were unfortunate: the British were developing
solutions to the problems plaguing the design of gaseous diffusion plants,
but Keith did not discover the details until it was too late for them to
be implemented. In part, as a result of this communication gap, gaseous
diffusion continued to be a major problem through 1944 (Chapters 11
and 13).!3

The centrifuge method of separation proved even more troublesome.
Scaling up laboratory procedures to production level meant that a plant
would need about 50,000 centrifuges with 1-m rotors to produce 1 kg of
235U a day. Because such a high number of centrifuges could probably
not be kept in continuous operation, designs using 4-m rotors were in-
vestigated. Even with 4-m rotors, 10,000 machines would be needed to
barely reach that level. Larger rotors were harder to accelerate through
certain vibration frequencies that would destroy the machines. Beams
attained inconclusive results in experimental runs at the University of
Virginia, and Westinghouse had trouble solving the design and construc-
tion problems of an industrial-size centrifuge. When problems with this
method continued, Conant advised Bush in October 1942 that the cen-
trifuge process was the weakest of those being investigated, and such
research was subsequently abandoned.*

The project, now extended to numerous laboratories throughout the
country, was in need of better coordination. To solve the problem, Roo-
sevelt turned to the military and placed the Army Corps of Engineers in
charge of the huge construction projects needed to supply raw materials.
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Army Chief of Staff Gen. George C. Marshall chose Brig. Gen. Wilhelm
D. Styer of the Army Services of Supply and liaison to the S-1 Section to
follow nuclear developments. On 18 June 1942 Styer ordered Col. James
Marshall to form a Corps of Engineers District responsible for atomic
bomb research. Colonel Marshall recruited Kenneth D. Nichols, then a
Lieutenant colonel with a Ph.D. in civil engineering, to assist with the
project.

Marshall established the headquarters of the new Corps of Engineers
District in the borough of Manhattan in New York City. The district
soon assumed the name “Manhattan Engineer District” (MED), or sim-
ply, the “Manhattan Project.” The district took on the procurement
and engineering functions of Murphree’s Planning Board, which became
inactive. To provide a small group of technical advisers for the military,
Bush streamlined the S-1 Section, renamed it the S-1 Executive Com-
mittee chaired by Conant; the section included Briggs, A. H. Compton,
Lawrence, Murphree, and Urey.

By September, Bush was voicing his concern that the MED needed
a more decisive leader. General Marshall and Secretary of War Henry
L. Stimson soon responded. Styer would have been the obvious choice
to head the new project, because he was already following nuclear de-
velopments. But Styer’s commanding officer, Lt. Gen. Brehon B.
Sommervell, was unwilling to lose his chief of staff. Styer suggested
Col. Leslie Groves, deputy chief of construction for the Army Corps
of Engineers. Groves had been in charge of several large construction
projects, most prominently the Pentagon. A particular advantage was
that Groves was already familiar with the Manhattan Project, having
worked on several aspects of it earlier that year, such as reviewing plans
for the district and examining the site for the **Pu pilot plant near
Knoxville, Tennessee.!®

On 17 September, Groves assumed responsibility for directing the
Manhattan Engineer District, and on 23 September he was promoted
to brigadier general. What particularly qualified Groves for his new po-
sition was his proven ability to get things done. He followed through
with bluster and positive thinking. He was to prove an astute judge
of situation and character, with unusual talent for making rapid, sound
decisions and choosing effective staff.'® But his authoritative style would
prove hard on the scientists who were accustomed to working and com-
municating results without restriction, and to idiosyncratic recordkeep-
ing. Perennial concern about future financial reckoning — a concern
transferred down to Groves from Under Secretary of War Robert P. Pat-
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terson and other superiors — led him to require that meticulous records,
particularly of expenditures, be kept in the Manhattan Project.!”

A few days after Groves’s appointment, Stimson formed the Military
Policy Committee, which included Bush as chairman, Conant as an al-
ternate, Adm. William R. Purnell from the navy, and Styer from the
army. This committee was to serve as an informal board of directors for

Groves’s district.1®

The First Chain Reaction

While the administrative structure of the MED was being created, Fermi,
now at the Chicago Met Lab, directed the research toward the divergent
chain reaction. He expanded the program begun at Columbia using
graphite and pure uranium metal. After Groves obtained a high pro-
curement priority, Norman Hilberry, assistant director of the Met Lab,
was able to obtain a sufficient quantity of graphite. Szilard worked to
free it of neutron-absorbing impurities.!®

Procuring uranium was more difficult. Because of the minimal pre-
war interest in uranium, few companies supplied the metal. Uranium
compounds extracted from ores had to be treated chemically and me-
chanically to convert them into the uranium metal required for bomb
components. In 1941, samples for experiments at Columbia had come
from a Massachusetts firm, Metal Hydrides, which produced a variety
of metal powders that were highly pyrophoric. The Westinghouse Lamp
Works in Bloomfield, New Jersey, also produced high-purity uranium
metal in extremely limited quantities. However, Metal Hydrides had
only a few pounds of uranium and Westinghouse only a few grams.?® To
provide the larger supplies needed for the Chicago effort, arrangements
were made for Mallinckrodt Chemical to produce uranium oxide. By
July 1942, Mallinckrodt was producing one ton of highly pure oxide per
day, which Fermi and his team used to supplement the metal obtained
from Westinghouse and Metal Hydrides. Because these supplies still
did not suffice, arrangements were also made for uranium production at
Iowa State University. By mid-1942, Spedding and his co-workers were
not only studying the metallurgy of uranium but actually producing
uranium metal on a much larger scale than previously attempted.?!

As the graphite and uranium arrived at Chicago, Fermi’s group con-
tinued its efforts to arrange them in a series of “exponential piles,”
creating convergent chain reactions of increasing extent as more ma-
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terial came in to help them determine nuclear constants. Early tasks
included measuring the fission cross section of unseparated uranium and
the neutron-absorption cross section of graphite. By the time he left
Columbia in spring 1942, Fermi had measured neutron intensities us-
ing several lattices of uranium oxide and graphite.?? At the University
of Chicago, he supervised the construction of lattices to determine the
optimum arrangement of materials and the reactivity (or reproduction
factor) k, the number of neutrons produced per neutron absorbed, as-
suming a large system. The k factor was a measure of whether the
neutron population in the system increases (k > 1) or decreases (k < 1).
Fermi made his measurements with a neutron source placed near the
bottom of the array and with indium foils placed at various distances
from the source on the vertical axis. This experimental setup was called
an exponential pile, because neutron intensity decreased exponentially
with the distance from the source. Fermi’s team built several such piles.
From 15 September to 15 November, Herbert L. Anderson and Walter
Zinn constructed and measured sixteen exponential piles. By the end of
this period, Fermi reported the reproduction factors to be 1.04 for ura-
nium oxide and graphite and 1.07 for uranium metal and graphite, which
was barely larger than the minimum value of £ = 1 for a self-sustaining
reaction.??

Fermi proposed building the first chain-reacting piles in Chicago’s Ar-
gonne Forest, 25 miles from the university. However, when construction
workers near Argonne went on strike in October, Fermi asked Compton
if the pile could instead be constructed under the west stands of Stagg
Field on the university’s campus. After agonizing over the possible con-
sequences of an accident in the highly populated area and wondering
whether he should consult with university officials, Compton took sole
responsibility for the decision and authorized construction under Stagg
Field on 14 November 1942. Crews under Zinn and Anderson machined
210 tons of graphite and pressed uranium oxide into spheres. A group
headed by Volney Wilson built control and measuring devices. Con-
struction began with a general plan but no blueprints. After a frame of
wooden blocks was put in place, graphite blocks, which came in varying
degrees of purity, were used to make a lattice containing, at regular in-
tervals, uranium oxide or uranium metal. When a substantial delivery
of high-purity uranium metal arrived from Spedding, Fermi rearranged
the distribution of uranium metal and oxide in the pile to optimize the
use of the high-purity metal. Fermi’s team also had to decide on the
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exact placement of control rods. Fermi coordinated the activity, doing
much of the necessary calculation himself.?*

After setting down the eleventh layer of graphite blocks, the group
began measuring neutron activity with a boron trifluoride counter and
indium foils. On the basis of these results, Fermi plotted out the ap-
proach to criticality and determined that the pile would go critical with
the fifty-sixth layer. To add a margin of control, the team added a
fifty-seventh layer of blocks. On 2 December 1942, following the careful
routine Fermi devised, over a period of four hours the team extracted
the last cadmium rod bit by bit, in increments of six inches to a foot,
with Fermi checking the measurements to make sure they matched his
predictions. The pile went critical, as anticipated, on 2 December 1942.2°

Production of Uranium and Plutonium

Plutonium was produced in a nuclear reactor by causing atoms of 235U
to capture neutrons. Several companies explored ways to produce the
uranium needed in such reactors ~ among them, Metal Hydrides, West-
inghouse, General Electric, Brush Beryllium, and Imperial Chemical In-
dustries in Britain, as well as the NBS and Brown University. The most
successful technique was developed by December 1942 at Spedding’s
uranium production plant at Iowa State.?® Spedding found “bomb” re-
ductions (reductions done in closed vessels) of uranium tetrafluoride us-
ing calcium to be most promising. He instituted a crash program to
find the optimum conditions for purifying metal with high yields and
in large quantities. Because of the high price of calcium, the process
was modified in March 1943 to use a magnesium reductant. In the
modified process, magnesium and UF, were mixed and put into a steel
bomb lined with high-calcium lime and heated to about 650° C. The
resulting exothermic reaction yielded up to 95 percent of high-purity
uranium metal. With minor modifications, this process was used by du
Pont, Mallinckrodt, and Electro Metallurgical Co., a subsidiary of Union
Carbide and Carbon Corporation.”

Thousands of tons of uranium ore were needed to produce the metal.
Nichols made the first large-scale purchase in September 1942 when he
contracted with Edgar Sengier of the African Metal Corporation to buy
1,200 tons of Belgian uranium already in the United States and about
3,000 tons above ground in the Congo. In late 1942, the Army contracted
with Eldorado Gold Mines, Ltd., in Canada for some 700 tons of ore, as
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well as refining services at the company’s Port Hope, Ontario, facility. In
the following year, it took steps to acquire additional ore and arranged
for its processing.?®

In December 1942, less than a month after du Pont agreed to design
and operate a full-scale plutonium production plant, du Pont officials
met with representatives of Carbide’s National Carbon Company to plan
the fabrication of graphite bars for the moderator blocks. The produc-
tion piles needed much purer graphite than the commercial grade mate-
rial used in the experimental piles (containing 1-2 ppm boron). Ordinary
graphite production - by heating coal tar and petroleum coke in an elec-
tric furnace — was not difficult, but making graphite for nuclear reactors
required extremely pure raw materials heated to 2,800° C or higher.
Strict purity and density requirements limited the size of the graphite
bars. The Met Lab investigated machining graphite. Graphite produced
at the National Carbon Company to meet a 0.5-ppm boron standard was
carefully machined to remove surface impurities and achieve the neces-
sary dimensions (48 inches by 4 inches). By late March 1943, plans
were complete for a graphite fabrication plant to be built at the Clinton
Engineer Works in Tennessee. By the fall of 1943, the plant had pro-
duced 700 tons of graphite for the Clinton pile. The next year, du Pont
built a bigger graphite fabrication plant at Hanford, Washington, where
graphite for the large pile was finished with precision.?®

Meanwhile, chemists worked to purify the plutonium emerging from
the production piles. Using tracer chemistry, Seaborg and his co-workers
at Berkeley discovered that the element had at least two oxidation states
and found ways to oxidize to the higher state and reduce to the lower
state. They also separated large quantities of uranyl nitrate from the
plutonium using ether extraction, and found ways to separate the plu-
tonium from thorium, protactinium, and neptunium. In April 1942,
Seaborg left Berkeley for Chicago to spearhead the separation of larger
quantities of plutonium.

Despite the progress made in Berkeley, sizable obstacles remained in
the production of plutonium. One problem was the scarcity of pluto-
nium. The only feasible way to obtain a few micrograms of plutonium
was to irradiate hundreds of pounds of uranium with neutrons produced
in a cyclotron. The early plutonium work at Berkeley had used plu-
tonium produced by the Berkeley 60-inch cyclotron. Recognizing the
urgent need for another plutonium source, Compton arranged for full-
time plutonium production at the Washington University cyclotron in
St. Louis. Seaborg still had only micrograms of the precious element.
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He quickly devised an industrial-scale process for separating plutonium
from uranium and fission products.?®

Seaborg pursued two objectives: to study micrograms of plutonium,
on a scale far below that of ordinary microchemistry, and to obtain a
weighable quantity of plutonium. His group devised special capillary
tubing capable of measuring volumes of the order of 1 mm?® to 10 mm?
and balances that could weigh micrograms of solids. Because nuclear sci-
entists were in short supply, Seaborg recruited other specialists in ultra-
microscience, including physiologist Isadore Perlman, microchemist Paul
Kirk (who was experienced in criminology), entomologist Robert Patton,
biochemist Burris Cunningham, and chemist Michael Cefola.?! Despite
difficult conditions, Seaborg’s group made considerable advances. In the
summer of 1942, several groups at the Met Lab, and others in Berke-
ley, investigated a variety of plutonium separation methods. Discussions
with du Pont representatives focused on speeding up the industrial ap-
plication of such methods. By fall, attention had turned to using fluoride
and bismuth phosphate as carriers.?

Efforts to accumulate weighable quantities of plutonium also pro-
ceeded. In August 1942, Cunningham and Louis Werner successfully
isolated pure plutonium for the first time. In September they were able
to weigh a pure plutonium compound and use it to make the first direct
half-life measurement of long-lived 23°Pu.%3

Seaborg soon encountered a complication that threw the whole con-
cept of using 2**Pu in a fission weapon into doubt. He reported to Op-
penheimer on 3 November 1942 that an excessive number of neutrons
might be produced from the (a, n) reactions of even slight amounts
of light element impurities in the plutonium. Such neutrons, Seaborg
pointed out, would be capable of predetonating a plutonium weapon,
causing it to explode too soon and resulting in a low-power fizzle rather
than a highly destructive explosion. To avoid this catastrophe, neutron
production from light element impurities (such as boron) would have to
be reduced, in the worst case, to one part in 100 billion, a task that even
the confident Seaborg termed “formidable.”**

Before Oppenheimer and Seaborg had time to assess the extent of this
possible disaster, the complication received further unwelcome attention.
During the lunch break of the 14 November S-1 Executive Committee
meeting, a member of the British project told Conant that Chadwick
had concluded that plutonium could not be used because of the light
element impurity problem. Already shaken by the morning session, at
which Compton had announced the plans to construct the first chain-
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reacting pile on the University of Chicago campus, Conant hurried to
tell Groves of the dilemma.

The news could not have come at a worse time for the general, who
was doing his best to persuade du Pont executives to assume respon-
sibility for the plutonium plant at Clinton, Tennessee. Groves quickly
enlisted Compton, Oppenheimer, Lawrence, and McMillan to investi-
gate the seriousness of the impurity problem. Although they concluded
four days later that purity requirements could be met, Conant remained
pacified only until Chadwick’s analysis arrived a few days later. When
Conant compared the committee’s purity figures with those given by
Chadwick, he was appalled to see that British calculations allowed less
than one-tenth as much impurity as that permitted by the Americans.?®
As Conant wrote to the S-1 Executive Committee, the situation was
both “extremely serious” and “embarrassing.” He felt it crucial for each
committee member to “reconsider all aspects of the program in which
he is in any way an expert so as to discover if there are other hidden
and forgotten factors.”®® In view of the new developments and a “none
too optimistic report by the du Pont Company,” Conant also announced
that a new review committee would be convened to assess “the entire
Chicago program in the light of the present status of the electromagnetic
and diffusion process.”®” The committee, chaired by MIT professor of
chemical engineering Warren K. Lewis, would review the plans and make
recommendations for constructing uranium and plutonium production
plants.3®

The Lewis Committee

The Lewis Committee visited the various bomb projects in late Novem-
ber and early December 1942. In preparation for the committee’s visit
to Chicago on Thanksgiving Day 1942, Met Lab scientists hurried to
produce a report assessing the feasibility of plutonium separation, the
pile weapon, and the plutonium weapon. After some “commotion” over
whether the light element problem could cause plutonium to fission pre-
maturely, Met Lab scientists presented an optimistic report on the po-
tential of plutonium. “As produced,” the report claimed, “this alloy can
be used for making successful super bombs (probability 90 per cent).”3®
On 4 December, the committee issued its recommendation: “While rec-
ognizing the many uncertainties of the pile process,” work on pile re-
search should proceed at full speed.?® The decision to continue the plu-
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tonium effort was reached before Fermi’s impressive display of a chain
reaction under Stagg Field.

To produce plutonium of the required purity, Chicago initiated a crash
program in plutonium purification. At the May 1943 recommendation
of a second committee chaired by Lewis (Chapter 5), this purification
work was later shifted to Los Alamos.! In its November report, the
committee also provided an evaluation of the various competing ef-
forts to separate uranium isotopes. Committee members were impressed
by the possibilities of gaseous diffusion but believed that the Kellogg-
Columbia team responsible for studying it needed better organization
and direction. Conversely, they admired Lawrence’s leadership abilities,
but doubted that the electromagnetic process would be able to produce
significant amounts of fissionable material. The diffusion process was be-
lieved “to have the best over-all chance of success, and produce the most
certainly usable material.” Although the committee members suggested
that work on electromagnetic separation continue, they did not see that
it presented “a practical solution to the military problem at its present
capacity.”*? The S-1 Executive Committee (the former Advisory Com-
mittee on Uranium) and the Military Policy Committee approved, and
Roosevelt authorized, the Lewis committee recommendations in mid-
December 1942.

After learning of the Lewis Committee’s vote of confidence for gaseous
diffusion, the Military Policy Committee reorganized the effort in De-
cember 1942. Keith of Kellogg was put in charge, and Kellex, a new
subsidiary of Kellogg, was formed specifically to work on the project.
To obtain highly skilled workers, Keith recruited engineers, scientists,
and administrators from a wide range of industrial jobs to work for the
duration of the war. Keith persuaded Carbide to operate the plant and
assist research at Columbia. Through its contract with the corporation,
the project called upon other members of the Carbide empire, includ-
ing the Electro Metallurgical Company, the National Carbon Company,
and the Linde Air Product Company. The leader of the research group,
Dunning, supervised research at Columbia, Princeton University, the
Bell Telephone Laboratories in New York, and the Kellex Plant in Jer-
sey City.%3

In the meantime, Lawrence promoted the electromagnetic separa-
tion method. He insisted, and Conant agreed, that the committee had
overemphasized the problems of electromagnetic separation. Although
discouraged by the many stages necessary to produce fully enriched 23°U
with the electromagnetic process, Conant wanted the process to be de-
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veloped. Because he felt uncertain about the chances of the plutonium
bomb, he wanted to do everything possible to ensure the success of the
uranium weapon. Also, he anticipated that more material would be
needed than originally estimated because the bomb now seemed to re-
quire a test explosion. For these reasons he felt it was crucial to build
a large electromagnetic plant with about 600 Calutrons so that at least
100 grams of ?**U could be produced daily.**

The final recommendations to Roosevelt were worked out on the basis
of deliberations between the S-1 Executive Committee and the Military
Policy Committee. Most of the Lewis Committee’s suggestions were in-
corporated in the recommendations except for {wo new suggestions: that
the pile be developed without an intermediate plant and that a gaseous
diffusion plant capable of producing 100 grams of material a day should
be built. The report Bush sent Roosevelt in December 1942 explained
that the bomb would cost more and take longer to build than previously
estimated. It recommended that the following facilities be constructed
simultaneously: full-scale plutonium and gaseous diffusion plants cost-
ing $100 million and $150 million, respectively; an intermediate-sized
electromagnetic plant capable of later expansion, costing $10 million;
and plants capable of producing 2.5 tons of heavy water each month,
costing $20 million. Although only $85 million had been authorized in
June, the total proposed effort would cost about $400 million. Roosevelt
approved the report, setting in motion the largest construction program
ever conducted by private industry under army supervision.*®

About the same time, du Pont agreed to build an experimental pile
and plutonium separation plant in Clinton, Tennessee, and an industrial
scale pile. The prime contractor for the Tennessee Plant and the entire
Tennessee Site was Stone & Webster. Hanford, Washington, was chosen
as the site for the large pile in January. With these arrangements settled,
plans for the separation plants proceeded rapidly in 1943. By March,
du Pont engineer Charles Cooper had diagrams of the small separation
plant. Crawford Greenewalt, du Pont liaison to the Met Lab, outlined
preliminary specifications. In June, du Pont decided on the bismuth
phosphate process for both plants. Construction began at Clinton in
February 1943 and at Hanford in April. The Clinton pile went critical in
November, and by spring 1944 grams of plutonium were being shipped
to Los Alamos. The first pile at Hanford went critical in September
1944, and by early 1945 Los Alamos had received kilogram amounts of
plutonium.%®
Arrangements for 23°U separation plants, also built at Clinton, pro-
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ceeded just as rapidly. The electromagnetic plant started going up in
February 1943 and the gaseous diffusion plant in June. The electromag-
netic plant sent the first samples of enriched uranium to Los Alamos in
February 1944. Because difficulties arose in producing sufficient >**U by
the electromagnetic and gaseous diffusion methods, a thermal diffusion
plant was begun in July 1944 (Chapter 11).47

By the spring of 1943, the material program could count the following
accomplishments: the first divergent chain reaction had been demon-
strated; much had been learned about the physical and chemical prop-
erties of plutonium and uranium; designs for the first plutonium pro-
duction pile were nearly complete; and an enormous research program
had been launched to solve the remaining problems of 23U isotope sep-
aration. Attention could now turn to the next goal: the building of the
actual weapon.



4

Setting Up Project Y:
June 1942 to March 1943

By the time a fast-neutron fission laboratory was conceived early in
1942, theorists and experimentalists had made initial calculations for
the bomb, including new estimates of critical mass and efficiency. Some
progress had been made on designing methods for assembling the weapon
and on a program for measuring nuclear constants central to bomb cal-
culations. On the whole, however, research languished because of poor
information exchange among the various groups involved, which were
scattered throughout the United States. Oppenheimer, who replaced
Gregory Breit as coordinator of the fast-fission project, recommended
to Groves that the effort be centralized. Groves, who recognized the
security benefits of centralization, readily complied, thereby setting in
motion plans for establishing the Los Alamos Laboratory.

Groves and Oppenheimer took the first step toward creating the lab-
oratory in early 1943 by recruiting many of the world’s best scientists.
The temporary nature of the project and the urgency of its mission aided
the recruitment effort, but the task was complicated by the delicate issue
of whether Los Alamos would be a military or a civilian establishment
— an issue never formally resolved. The standard caricature of Oppen-
heimer as an other-worldly intellectual and Groves as a burly martinet

* This chapter is based on a draft by Paul W. Henriksen, with contributions by
Catherine Westfall on fast-fission and nuclear physics research, and by Lillian
Hoddeson on the implosion and gun methods of assembly. This chapter also draws
on an earlier contribution by Robert Seidel. We thank Alison Kerr, Les Redman,
and Gordon Baym for extensive editorial contributions.
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highlights the misalignment between the military and scientific commu-
nities that joined in Project Y. Surprisingly, Oppenheimer and Groves
developed a collaboration that was both congenial and fruitful.

Fast-Fission Research before the Start of Los Alamos

Research on fast-neutron fission was a secondary concern at the time the
full-scale atomic bomb effort was launched in late 1941. The primary
goal was to develop a self-sustaining slow-neutron chain reaction, both
to demonstrate its feasibility and to lay the groundwork for designing
the plutonium piles. Only a few theorists, including Oppenheimer and
Breit, were immersed in calculations of critical mass and atomic bomb
efficiency ~ problems that built on Compton’s work for the November
1941 National Academy of Science report.!

By March 1942, Compton was able to communicate encouraging fast-
neutron results to Bush, who in turn passed them on to President Roo-
sevelt. Whereas the NAS report had put the critical 2**U mass between
2 and 100 kg, Breit and Oppenheimer now narrowed it down to between
2 and 5 kg and at the same time laid to rest the pessimistic predictions of
low efficiency. Kistiakowsky’s earlier claim that a fission weapon would
be only one-tenth as effective as a chemical weapon was shown false by
new calculations. The efliciency estimate was raised from the destructive
effect of 600 to 2,000 tons of TNT.2

This heartening news did little to speed progress by the various groups
in the fast-fission programs. The groups included the University of Cali-
fornia at Berkeley, Stanford, Rice in Houston, Chicago, Wisconsin, Min-
nesota, Purdue, Harvard, Princeton, Cornell, and the Department of
Terrestrial Magnetism of the Carnegie Institution in Washington, D.C.
Compton had assigned the task of coordinating the various fast-fission
groups to the eminent theorist Breit. However, Breit had had little ex-
perience in managing diverse groups. To add to Breit’s problems, the
project was given low priority, and Compton had given him little au-
thority. Nervous about security, Breit quarreled with Compton about
procedures. He eventually resigned on 18 May.?

With the S-1 Committee’s consent, Compton replaced Breit with Op-
penheimer, who had earlier helped prepare the new estimates of effi-
ciency and critical mass.* Thus, Oppenheimer was already familiar with
the fission project, which he had joined at Lawrence’s insistence in Oc-
tober 1941. In January 1942, he had organized Berkeley’s theoretical
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program on fast neutrons.® A distinguished theoretical physicist and ex-
ceptionally adept expositor, Oppenheimer added to the project a talent
for motivating colleagues and for explaining highly technical theories to
nontheorists.

Compton was aware of Oppenheimer’s reputation for being unap-
proachable and out of touch with the details of everyday life, and of his
habit of delivering cutting criticism to those whose opinions or standards
differed from his own.® Compton nevertheless judged Oppenheimer as
the best available person to direct the division of the Metallurgical Lab-
oratory charged with estimating the bomb’s critical mass and efficiency.”

To help coordinate the disparate groups working on fast-neutron stud-
ies, Compton engaged John H. Manley, a reserved experimentalist, orig-
inally from the University of Illinois, who had worked from 1941 at the
cyclotron of the Chicago Met Lab.® Despite their almost opposite tem-
peraments, Oppenheimer and Manley would collaborate effectively in
establishing the Los Alamos Laboratory.?

By this time, information exchange with the British project had be-
gun. Oppenheimer had met with Peierls in Berkeley and learned of the
Frisch—Peierls work on critical mass, efficiency, and explosion damage.
The meeting confirmed that the Americans and British had considered
many of the same points.!? Data from the two projects reinforced the
feasibility of assembling the bomb by shooting one subcritical piece of
2357 or 2*°Pu into another using a gun.!! The atomic bomb problem ap-
peared in principle almost solved. With great optimism, Oppenheimer
wrote Lawrence on 19 May 1942, that, with “a total of three experienced
men and perhaps an equal number of younger ones,” it shoud be possi-
ble to solve the theoretical problems of building a fast-fission bomb. At
least, he reflected, “we should be able to get quite far within six months
... unless new things turn up in the course of the work.” The particular
theorists Oppenheimer mentioned were John Van Vleck, Edward Teller,
Robert Serber, and Hans Bethe. “I would think that any two of these
working with me could get the job done in good order.”!?

Meetings at Chicago and Berkeley in the Summer of 1942

Oppenheimer realized that solving the problems of the fast-fission bomb
would require close collaboration between theorists and experimental-
ists. In his letter of 19 May to Lawrence, Oppenheimer proposed a joint
meeting of theorists and experimentalists, “perhaps in Chicago,” adding
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that having the project in Berkeley “would have the advantage that I
could continue some work on your end of the project, and we could
maintain close contact with Segré and Kennedy and their group.” They
ended up meeting both in Chicago, on 5-6 June, and in Berkeley during
July 1942. Oppenheimer put his ideas forward in an outline he drafted
in June 1942, discussed at both meetings by the same core group of the-
oreticians (Van Vleck, Serber, Teller, Emil Konopinski, Stanley Frankel,
Bethe, and Eldred Nelson) and experimentalists (Edwin McMillan. Man-
ley, Felix Bloch, and Segre).!3

At the Chicago meeting, Oppenheimer and Manley informed Met Lab
administrators and some fifteen theorists and experimentalists that they
would lead the fast-neutron research. Oppenheimer had already begun
to assemble a theory group in Berkeley.!* The plan there was for theorists
Serber, Frankel, and Nelson to work with experimentalists, including
Segre, while at the Met Lab, theorists Teller, Konopinski, and Robert
Christy would work with Manley and others.!®

The Berkeley meeting, which began in the second week of July, cen-
tered on theoretical work, although a few Berkeley experimentalists par-
ticipated in some of the activities. They met on the top floor of Le Conte
Hall in a sealed-off room near Oppenheimer’s offices.!® Oppenheimer de-
scribed the events of that first week to Manley in a letter of 14 July 1942.
“There is a terrible lot to do here, and I am sure that my first duty is
to help get the theoretical questions, some of which are turning out to
be very exciting indeed, in the best possible shape while our galaxy of
luminaries is still available.” In the first days of the meetings, some
important points were raised by several of Oppenheimer’s Berkeley stu-
dents ~ Serber, Nelson, and Frankel ~ who had been studying the very
issues the meeting had been called to discuss.!” Much of the data were
still sketchy or contradictory. Among those examined were British re-
sults, sent over to America months earlier by the MAUD committee but
kept locked in a safe by Lyman Briggs in an overzealous security effort.!®

The first topic discussed was the nuclear physics of a bomb assembled
by the gun method, its improved efficiency, and damage estimates.!?
Although it was known that slow neutrons (with energies up to a few
keV) could induce fission in 2*3U and that 23°U was likely to sustain a
chain reaction, the group recognized that an efficient bomb could not be
made with slow neutrons, because the system would tend to disassemble
before the chain reaction had progressed far enough.?’ Although there
was not yet experimental verification that the 23°U fission cross section
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for fast neutrons (with energies of order MeV) was large enough to give
an effective explosion, attention soon focused on this issue.?!

During the first few days, Serber, Nelson, and Frankel presented their
calculations suggesting that ordinary large guns could impart the proper
velocity to the uranium pieces. Bethe recalls the participants giving a
stamp of approval to Serber’s calculations.?? Using British estimates
of the mean free path of neutrons in uranium, they predicted that an
8-inch-diameter uranium sphere would allow a chain reaction, with an
efficiency of at best a few percent.?® They extrapolated damage estimates
from the fairly well documented explosion of 500 tons of TNT that had
occurred in Halifax, Nova Scotia, in 1917 and took into account the
harmful effects of the neutron and gamma-ray bursts.?*

In their discussion of 23°Pu, the participants calculated the number of
neutrons that would result from « particles colliding with both light ele-
ment impurities in the plutonium (e.g., beryllium) and heavier elements
(e-g., aluminum and silicon). It was clear that impurities would have
to be removed, because collisions with them could yield enough extra-
neous neutrons to threaten predetonation of the weapon. The conferees
estimated the duration of the core fission process to be less than one

‘millionth of a second and worked out how the change of the core from
metal to gas would affect fission.2®

The Idea of a Super Bomb

Teller shifted the attention of the conferees to a subject central to his
own thinking in the past several months, a hydrogen bomb, subsequently
referred to as the Super. Thermonuclear reactions and their role in
energy production in stars had been discussed in the 1930s by George
Gamow and others at George Washington University. At Cornell, Bethe
developed the ideas further (and later won a Nobel Prize in physics for
this work.) But realizing thermonuclear reactions on earth seemed a
distant prospect in the 1930s.2°

The idea of a thermonuclear weapon emerged in the spring of 1942,
during a discussion of the fission process in the context of the Manhattan
Project. After lunch at the Faculty Club at Columbia University, Teller
and Fermi were speculating about the use of thermonuclear reactions in
a nuclear bomb. Fermi imagined a weapon in which a fission reaction
triggered fusion of two light elements into a heavier element, for exam-
ple, fusion of two deuterium atoms into helium. This process promised
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to yield substantially greater energy than fission alone. Although Teller
initially doubted that fusion could be achieved with temperatures avail-
able on earth, the idea intrigued him.27

Shortly afterward, Teller moved to Chicago to work at the Met Lab.
During his first days there, before being given a particular assignment,
he and Emil Konopinski tried to establish on physics grounds that a
fusion bomb could not work, in particular, that deuterium could not be
ignited by a fission bomb. But their work revealed that such a bomb
might in fact be possible.?® The idea of surrounding a fission bomb with
deuterium, which could be ignited and fused and thereby could produce
far more energy than a fission bomb tantalized Teller. He brought up
the idea at the Berkeley conference.?®

Teller pointed out that deuterium would be far cheaper to obtain than
2357 or 2*9Pu and that the explosion could be made indefinitely large by
increasing the amount of deuterium placed near the fission bomb. From
that point on, although Oppenheimer tried to bring the discussion back
to the fission bomb, Bethe and others spent much of their time at the
meeting arguing with Teller about his Super ideas.®? Bethe recalls Teller
being so preoccupied with the Super that at one point, in a discussion
of the Germans’ desire for heavy water (as a moderator in the nuclear
reactor), “Teller as usual jumped thirty years ahead of time and said,
‘Of course they want heavy water to make a super’.”

Sharing a house at Berkeley during the conference, Konopinski, Teller,
and Bethe continued their discussions about the Super in the evening,
after the formal meetings. In considering how the energy from the fission
reaction would be transferred to the deuterium, Konopinski suggested
that adding some tritium to the deuterium might lower the reaction
temperature and make the deuteron easier to ignite.>! All three realized
that radiation from the fission weapon into or out of the deuterium would
create problems and talked about using dense and opaque reflectors
(tampers) to keep radiation in the deuterium.

At one point, a frightening idea came up. Teller asked, if the fission
bomb could ignite deuterium, could it not ignite the nitrogen in the
atmosphere? Serber recalls, “Bethe went off in his usual way, put in
the numbers, and showed that it couldn’t happen .... Oppy made the
big mistake of mentioning it on the telephone in a conversation with
Arthur Compton.”3? While Bethe and Konopinski considered this ques-
tion mathematically, Oppenheimer made a quick trip to northern Michi-
gan to discuss the possibility of such a catastrophe with Compton, then
resting at his summer cottage on Otsego Lake. They agreed that the
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Fig. 4.1a. Edward Teller, theoretical physicist, initially head of the implo-

sion theory group, was the main proponent of the thermonuclear weapon. LA
Photo, LAT 1198.

Fig. 4.1b. Hans Bethe, theoretical physicist, was head of the theoretical
physics division. LA Photo, LAT 747.

Berkeley theorists should be authorized to continue their calculations of
possible ignition of the atmosphere; if they failed to provide conclusive
evidence that an atomic explosion could be contained, the bomb project
would have to stop.?® Few of the participants seriously believed that an
uncontrolled nuclear reaction in the atmosphere was possible, and their
calculations soon showed that the chances of igniting the atmosphere
were very remote given that equilibrium with the radiation limited the
temperature inside the bomb.3* The large electrical repulsion between
the nitrogen nuclei made their chance of reacting very small. Bethe later
referred to the problem as a “red herring.”3®

By the time the conference ended in late August a thermonuclear reac-
tion seemed possible. However, there were many unknowns, beginning
with the rate at which the deuterium would radiate the energy it re-
ceived from the fission reaction and the rate of energy transfer through
the tamper. Teller recalls that Oppenheimer was sufficiently interested
in the problem to comment, “Now we really need another laboratory.”3¢
But everyone involved realized that, although study of the thermonu-
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clear weapon was justified because of its possible explosive power, their
first job was to develop the fission weapon.

Enthusiasm for the Super during the wartime period was probably
highest in the fall of 1942, when atmospheric conflagration worried only
the most pessimistic, and the difficulties with Super operation were not
yet obvious.3” Teller continued to work out possible thermonuclear re-
actions after returning to Chicago. Oppenheimer, Bethe, and Lawrence
helped by requesting a study at the Harvard cyclotron of the cross sec-
tions of the reactions of tritium with deuterium and two lithium isotopes.
At Bethe’s request, and with Compton’s and Oppenheimer’s approval,*®
important studies of tritium-deuterium (T-D) cross sections were done
at Purdue by L. D. P. King and Raemer Schreiber, and later by Marshall
Holloway and Charles Baker. Work on the Super became even more se-
cret than that on fission. As Oppenheimer wrote to Manley in July,
“If our ordinary conversations are secret this should be secret squared
... knowledge of our interest in this subject [should be] restricted to
the absolute minimum and if possible [it should] not ... appear to have
any connections with the tubealloy project.” Not even scientists on
the project would be told about the Super bomb unless it was deemed
necessary.3® Oppenheimer arranged for further Super studies at Har-
vard, Purdue, and Minnesota, and for an early fall meeting in Chicago
to plan further research.%

Further Nuclear Physics Research in the Fall of 1942

The main obstacle to a theoretical understanding of the fission bomb
was the uncertainty surrounding existing experimental data, in part
the result of inadequate instrumentation and a lack of experience in
the new field.#! By the time of the Berkeley theory meeting, a series
of experimental studies of fast fission were under way. The measure-
ments required several improved fast-neutron detectors, fission thresh-
old detectors, counterionization chambers, and accompanying electrical
circuits.*> At the University of Wisconsin, Joseph McKibben and others
used fission detectors and neutrons from carbon-deuteron and deuteron-
deuteron reactions created by Van de Graaff accelerators to study the
scattering properties of various tamper materials.*® At Cornell, Robert
Bacher’s group developed equipment to study delayed neutron emission.
Bacher had been challenged by Luis Alvarez’s description of Berkeley ef-
forts to produce a modulated neutron source.** Although Alvarez judged
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that it would be extremely difficult to produce modulated neutrons down
to the thermal range because of the short time scale needed, Bacher
hoped to produce them in short pulses using the arc neutron source with
which Stanley Livingston, Charles P. Baker, and Marshall Holloway had
equipped Cornell’s cyclotron. This device allowed fast time resolution.
Baker and Holloway built a device based on the original Alvarez “time-
of-flight” velocity selector to separate low-energy neutrons into energy
groups (based on the time of flight between the source and detector over
a path several meters long). In his June 1942 outline for the experimen-
tal program, Oppenheimer planned to have the Cornell group use this
equipment to measure the fission spectrum at low neutron energies.**

The fission cross sections needed to estimate critical mass for >°U and
239Py vary with the energy of the incident neutrons. It was therefore
crucial to measure the energy spectrum of the fast-fission neutrons. Var-
ious methods were proposed, based on either measuring pulses produced
in ionization chambers by recoil protons, or measuring traces made by
neutrons in cloud chambers. Under Oppenheimer’s plan, several groups
would examine the fission spectrum through proton recoil studies in
ionization chambers: Felix Bloch and others at Stanford would use neu-
trons from a cyclotron, John Williams and his associates at the Univer-
sity of Minnesota would use neutrons produced in a Van de Graaff, and
Mitchell’s group at Chicago would try a graphite pile, cyclotron, and
chemical separation. H. A. Wilson and William C. Bennett at Rice were
to use a cloud chamber and neutrons produced in deuteron-deuteron
reactions at the Rice Van de Graaff.*¢

The energy range around 1 MeV was of particular interest in the study
of fast-fission cross sections, because theory predicted a peak in the fis-
sion neutron spectrum at nearly that energy. Oppenheimer instructed
Norman P. Heydenburg at Carnegie Institution to measure 2**U fission
cross sections with the Van de Graaff there, which was capable of pro-
ducing monoenergetic neutrons in the range of 0.025 to 4 MeV from
deuteron—deuteron and carbon-deuteron reactions. Segré could then
extend these studies, having access at Berkeley to a variety of natural
sources that produced monoenergetic photoneutrons in the range of 0.22
to 0.65 MeV by the photodisintegration of beryllium and deuterium, by
yttrium and ?*Na « rays, respectively. Both Carnegie and Berkeley mea-
surements used foils prepared and analyzed at Berkeley with the help of
nuclear chemists.*’

The fast-fission experiment tended to follow Oppenheimer’s June out-
line through the remainder of 1942. By September, Harvard and Prince-
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ton were planning fusion-related measurements, and Arthur Snell at
Chicago was preparing to measure the fission cross sections of unen-
riched uranium at various energies. In October, Oppenheimer thought
the time ripe for measuring higher neutron-energy 23°Pu-fission cross
sections, which had only been measured at thermal energies. In addi-
tion, by the end of 1942, a group at Cornell was studying the delayed
emission of fission neutrons.

Frustration and success mingled in the fast-fission program.*® At Rice,
William Bennett summarized his difficulties in measuring the fast-fission
spectrum of uranium. “Our work suffers from bad statistics ... wall ef-
fects ... inelastic scattering in 238 [U-238] which gives reduced energies
for approximately 35% of the neutrons measured.” He suggested switch-
ing to photographic plate detectors, a technique then being used by
James Chadwick at Liverpool. As a result, Bennett and his co-worker
Hugh T. Richards moved to the University of Minnesota, where they
carried out preliminary tests using such plates.*®

The fission spectrum experiments at Stanford ran into problems as
well. In extending the ionization chamber scheme employed by Zinn
and Szilard, Bloch used the Stanford cyclotron to produce neutrons
from the beryllium—deuterium (Be-D) reaction. In October 1942, his
group planned to measure 2**U’s neutron fission spectrum by bombard-
ing ordinary uranium with slow neutrons. The distribution of recoil
pulses was to be observed in an ionization chamber filled with hydrogen.
Unfortunately, the source was so strong that the energies of a signifi-
cant number of the primary neutrons overlapped those of the neutrons
being investigated. To overcome this problem, Bloch’s group built a
cubical, double-walled graphite box and used cans of oil to remove en-
ergetic primary neutrons. The measurements showed the energy of the
neutrons tailing off from about 1 MeV, as predicted. However, the Liv-
erpool group’s emulsions showed a sharper maximum at about 2 MeV.
Questions then arose concerning the accuracy of all measurements us-
ing normal uranium, because tiny amounts of 23°U were diluted in a
large mass of 2%3U. The hope for better measurements hinged on using
samples having a higher percentage of 235U 50

235U fission cross sections were also very difficult to measure. The
physicists had trouble developing sufficiently sensitive detectors and pro-
ducing the uniformly thin foils needed to carry out their experiments.
Segre struggled to calibrate his natural sources. In June, for example,
an yttrium-beryllium (Y-Be) source showed a 233U fission cross section
of 5.4 barns at 0.22 MeV, whereas in July the same source at the same
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energy showed 6.9 barns.’! In October, Segreé reported that his group
had determined the number of neutrons “by slowing them in a large bath
of manganese sulfate solution and determining the manganese activity
produced.” With the help of calculations by Frankel and Nelson, the
group then tallied “the fraction of the total number of emitted neutrons
crossing the uranium sample.” In this way they found the fission cross
section of 2°°U to be 2.8 barns at 0.22 MeV and 1.7 barns at 0.43 MeV.
Manley judged these measurements to be “in reasonable accord” with
other measurements, although one could not be confident of the results,
because last-minute calibration changes had increased the new figures by
40 percent. Oppenheimer admitted in September, “we are afraid they
will always remain fairly inaccurate.”2

Heydenburg’s measurements with the Carnegie Department of Terres-
trial Magnetism Van de Graaff, which covered the crucial energy range
just above 0.5 MeV, were even more problematic. Measurements with
D-D neutrons, from bombarding deuterium atoms with other deuterium
atoms, were difficult because the neutrons were emitted at energies near
the fission threshold for 238U, In December 1942, Heydenburg’s group
finally concluded that “nearly all the fissions in normal uranium” were
due to 2*3U. Determining the fission cross section for >**U required the
use of “enriched samples in which the 233U content is accurately known.”
Thus Heydenburg’s measurements using D-D neutrons were suspect.®?
He thus switched to 0.64 MeV neutrons from carbon-deuteron bombard-
ments, but to his dismay, encountered further problems. “C!3 which is
normally present in carbon gives rise to much more energetic neutrons
of approximately 1.8 and 5.6 MeV, and these neutrons produce fission
in U?%” The problem had returned. Similar ?**U samples were sent
to Heydenburg and to Chadwick, who “found only a quarter as much”
2357. Because of the difficulties arising from the C!* neutrons, Heyden-
burg’s measurements merely pointed “the way to later experiments with
other neutron sources.”®* Manley and Oppenheimer learned that C-D
and D-D neutron sources were to be avoided in fission cross-sectional
measurements.

This discovery led to the use of neutrons produced by the bombard-
ment of lithium with protons (“Li (p,n)” neutrons). In spring 1943,
Alfred O. Hanson and D. L. Benedict announced the results from a
series of experiments using the Wisconsin Van de Graaff to produce mo-
noenergetic Li (p,n) neutrons. They determined the neutron flux of this
source by two methods, one drawing on the immersion technique em-
ployed by Segré, which had originated with Fermi, and the other using
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a new detector, the coincidence proportional counter, developed at Wis-
consin. Hanson and Benedict simultaneously detected fissions for 235U
and 2°8U with a double ionization chamber having a central electrode
loaded with both enriched and normal uranium.’®* They measured for
the first time the fission cross section of 23U as a function of energy and
determined the fission threshold of 238U. These results, which showed
an approximate inverse relation between energy and fission cross section,
are impressively close to present values.’®

Measuring fission cross sections for 2*°Pu was even more difficult. Re-
searchers knew little about the chemical or physical properties of the
element, which had only been discovered in 1941, and were not even
certain of the half-life of 22Pu. Thus they could not be sure of the true
weight of their samples (estimated by counting alpha emissions), a fac-
tor needed to compute fission cross sections. Another problem was that
239Pu produced copious a particles, which would pile up and imitate
fission counts in the detectors. In the face of such difficulties, Heyden-
burg, in winter 1942-43, measured the ratio of the cross section of 2*°Pu
to that of 2%°U, from thermal energies to 3.95 MeV; meanwhile, Segré
and others at Berkeley measured this ratio at thermal energies using the
Berkeley cyclotron. To no one’s surprise, considering the uncertainties
of measurement, the ratio for thermal energies varied from 1.99 to 1.26.
More precise 2*°Pu cross-sectional measurements would have to wait.®7

While work in numerous American laboratories continued on the main
line of inquiry — fission spectrum and fission cross-sectional measure-
ments for 223U and ?3°Pu - the Cornell nuclear physics program changed
direction. In early September, several slow-neutron projects were discon-
tinued, including the slow-neutron fission spectrum measurements laid
out in the June 1942 outline and a series of slow-neutron cross-sectional
measurements that Oppenheimer requested in July. As Bacher later ex-
plained, “Robert was not much interested in these slow-neutron things”
and wanted to divert personnel to higher-priority projects.®®

Since summer 1942, Cornell researchers had been investigating de-
layed neutron emission in fission, although this project had relatively
low priority. This work extended investigations begun in 1939 by Nor-
man Feather, who determined in a simple comparative measurement of
fast and slow neutrons that the time between neutron capture and fis-
sion is no more than 107!% 5. His finding left open the possibility, albeit
remote, that some neutron emissions were delayed after fission, which
would change the efficiency estimate for the bomb. By September 1942,
the Cornell group had measured neutron delays at intervals greater than



52 Critical Assembly

one second with the Cornell cyclotron and an ionization chamber. Al-
though they concluded that the delay could not “be determined in the
most interesting region” (the pre-explosion time, 107 to 107° s), they
suggested a “brief examination” within their experimental capability of
10~° s, because negative results would “strengthen the present assump-
tion that there is no appreciable number of delayed neutrons.” On 9
November, Bacher reported to Compton that only “about 1%” of fission
neutrons were delayed within the measurable time scale.®®

By then, however, interest was building to measure the delay of neu-
tron emission more accurately. Bacher showed the Cornell results to
Bethe, who spoke with Bruno Rossi about counting techniques, and
Baker about possible improvements to the Cornell work. After making
a number of calculations, including one assessing the potential accu-
racy of fission and neutron counting, Bethe told Manley that although
it would “probably not be quite easy,” he did “not see any reason why
the method should not work down to times of about 107 5.” Theorists
estimated that neutrons were ejected within 1071% s after fission: even
with Bethe’s new estimates, such an interval was far outside their ca-
pabilities. By late 1942, as plans were accelerating for the Los Alamos
Laboratory, Oppenheimer felt more pressure than ever to rule out po-
tential unpleasant surprises. Because the Cornell group was scattered
by this time, with Baker and Holloway at Purdue making fusion-related
measurements and Boyce McDaniel visiting the MIT Rad Lab to learn
instrumentation, Oppenheimer had the Cornell timing equipment moved
to Los Alamos. Although they had been assigned low priority through-
out 1942, such measurements would be among the first done at the new
laboratory.®?

Technical Progress on the Gun Weapon in the Fall of 1942

In the fall of 1942, the members of Oppenheimer’s theory group were
again working at their home institutions. Continuing to collaborate with
experimentalists, by November they could report considerable progress
on efficiency, tamper, shock wave, and neutron diffusion. Oppenheimer
wanted to bring the British up-to-date. He wrote Peierls, “Since it
will be some time before detailed reports on all phases of this work are
available, and since, on some of the questions that have been considered
by our British colleagues we are not in complete agreement with their
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results, we thought that it might be helpful to communicate to you in
an informal way some of the findings of our group.”

In a detailed memorandum, Oppenheimer summarized the main re-
sults, drawing particular attention to the major point of disagreement
between the American and British scientists, which concerned the role
of radiative energy loss. Oppenheimer also noted that his group had
studied the effect of te transparency of air to radiation on the formation
of the shock wave in the atmosphere following the explosion, conclud-
ing that the fission bomb was “intermediate between a TNT bomb and
Taylor’s mass-less point source explosive.” The group had used “slightly
different, and we believe superior, methods” for treating the problem of
neutron diffusion to determine critical masses and effective neutron mul-
tiplication rates. Employing effective “transport” cross sections (given
the “present crude state of our empirical knowledge”), the group em-
ployed iterative numerical integration to solve the integral equations
for neutron diffusion and found quite marked differences from the dif-
ferential approximation to neutron diffusion. The memorandum also
expressed hope of reducing the risk of predetonation.

In his response, Peierls essentially agreed with the conclusions of Op-
penheimer’s memorandum. Peierls attributed the minor differences be-
tween the American and British work to British reluctance to accept
the reported accuracy of the data. The British, he explained, were “not
trying at this stage to obtain quantitative data for the main parameters
required, but rather to explore the field and develop the methods in
such a way as to be able to obtain a reliable answer quickly when defi-
nite experimental data will be available.” After discussing details of the
neutron diffusion problem, he noted, “we had not previously been aware
of” the results in Oppenheimer’s memorandum on the influence of radi-
ation. Peierls’s note also sheds light on P. A. M. Dirac’s contributions
at the time to the British effort, indicating that Dirac and Klaus Fuchs
had extended Maurice Pryce’s calculations on the explosion dynamics.
He also mentioned the interesting point raised by Dirac that when the
number of light quanta per cubic wavelength is comparable to or larger
than unity, “the contribution to each process of induced emission should
be comparable to that of spontaneous emission.” Peierls continued with
a discussion of “model experiments” being carried out by Frisch on the
question of the critical distance for a gun assembly based on a lateral
rather than axial approach of two hemispheres. He closed with a report
on the work of his group on the properties of the compressional wave in
the air generated by the explosion.
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At a meeting held in late September 1942 in Chicago, the same core
group that had met in Berkeley the previous summer considered whether
it would be possible “to use this new tool (the active bomb) by the time
the requisite materials are available.” The plan was for the theorists
to help guide the experimental program. As Compton explained: “Op-
penheimer, Van Vleck, Bethe, Teller and Manley ... will consider the
type of experiments that should be performed .... I have also invited
Mr. Ed MacMillan [si¢] to attend this conference, having in mind the
probability that MacMillan may take a leading part in the future devel-
opment of this aspect of our program. It would be most helpful if we are
able to include Messrs. Fermi, Allison, and Wigner in this discussion
since these men should be concerned with guiding the experiments to be
performed.”®!

A late November report by Manley, Oppenheimer, Serber, and Teller,
“The Use of Materials in a Fission Bomb” dealt with three main topics:
the energy released, the amount of material required, and the construc-
tion and detonation of a fission bomb. According to their data, they
had “strong reason to believe that any of the known possible materials,
23, 25, and 49 will produce the same energy per gram as any other.”%?
In summarizing their knowledge and uncertainties on fission cross sec-
tions, however, they concluded that “the minimum amount of material
required probably differs” with the material; “2 to 3 times less 49 will
be needed than 25; of 23 even somewhat smaller amounts may be suffi-
cient. The masses required are of the order of 10 kg. The exact amount
required is uncertain because of the uncertainty in experimental data on
fission and total cross sections, the number of neutrons per fission, and
the density.” The report noted that the gun method based on 49 could
conceivably be threatened by predetonation and suggested an alternative
method that would avoid this danger.

In a further report of 30 November 1942, Teller made a quantita-
tive analysis of the effects of impurities in predetonation resuiting from
(a,n) interactions. He addressed two questions: “the chances of pre-
detonations in various stages of approach between fragments leading to
explosions with correspondingly varying efficiencies,” and, “how great is
the minimum efficiency i.e. how much energy is released if a neutron is
present at the time when the two fragments first reach critical configura-
tion.” To study the efficiency he used the calculations on bombs of low
efficiency reported by Oppenheimer to the British and derived the prob-
ability of a given efficiency in terms of the number of neutrons present,
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the distance of approach of the active fragments, and other parameters
of the bomb.

The threat of predetonation in gun assembly, where velocity is limited,
made the pursuit of other assembly systems desirable. An alternative
method was to use a high explosive (HE), rather than a propellant ex-
plosive, to push material together, because pressures and velocities in
detonating HE are very much higher than in gun barrels. However, HE
is not readily confined by structures such as gun barrels. A system would
be required that would blow inward on itself, as well as blast outward.
Such a system might offer a chance to use fissile material with greater
efficiency. In 1942, the group working on bombs felt compelled to ex-
plore all feasible designs. Autocatalytic assembly appeared inefficient
and unpredictable. In contrast, implosion ~ which could be achieved by
surrounding the fissile material with high explosives — was an attractive
concept: the detonation would create shock waves that would collapse
the fissile material from a subcritical into a supercritical mass.

The Suggestion of Implosion

Theorists appear to have first entertained the idea of assembling an
atomic weapon by implosion during the summer conferences of 1942 but
gave it little attention. Serber vividly recalls that Richard C. Tolman,
an original member of the National Defense Research Committee and
subsequently also scientific adviser to General Groves, visited Berkeley
and introduced the idea of implosion as an alternative assembly method.
Serber also recalls that he and Tolman wrote a short paper on the idea.®®
However, Bethe, Konopinski, and McMillan do not recall any discussion
of it in that period.** Oppenheimer, writing in 1945, placed the begin-
ning of implosion at Los Alamos in April 1943, when Seth Neddermeyer
suggested the idea to the laboratory.®®

Tolman continued thinking about implosion during the remainder of
1942 and through the early months of 1943, writing to Oppenheimer on
27 March 1943, “Conant and I have discussed the somewhat modified
possibility of starting off by using ordinary explosive to blow the shell of
active material into the center. I think that this would be an easy thing
to do.” Two days later, he mentioned an idea like implosion, although
not the word, in a memorandum to Groves describing various methods
of “securing explosion”: “In the case of the mechanism depending on
the deformation of a shell of active material, ... it might be possible
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to bring this about by explosive charges which would blow fragments of
the shell into the interior. This latter possibility appears an interesting
one to consider.” No calculations accompanied the speculations and
no mention was made of the notion of compression, on which efficiency
depended. The Tolman-Serber idea was, in essence, to shoot together
pieces of the divided-up shell.’® Although implosion was never realized
in the form Tolman and Serber initially envisioned, their concept was a
precursor to the implosion assemblies later created at Los Alamos.

Planning Los Alamos

Groves’s immediate task after .taking charge of the Manhattan Engi-
neer District in September 1942 was to find a director for the atomic
bomb laboratory. His first two choices, Lawrence and Compton, were
both occupied — Lawrence with directing the electromagnetic separa-
tion project and Compton with directing the Chicago Met Lab. As
leader of the fast-neutron program, Oppenheimer was the next logical
choice. Groves was concerned about Oppenheimer’s reputed lack of ad-
ministrative experience ~ a new criterion in scientific research that would
become increasingly important. In fact, Oppenheimer had had consider-
able experience as a scientific administrator, having led thriving groups
of physicists both at the California Institute of Technology (Caltech)
and Berkeley. Groves also feared that since Oppenheimer had not been
awarded a Nobel Prize he might not be sufficiently respected by his sci-
entific staff. Oppenheimer’s associations with leftist organizations in the
1930s were another drawback. But Groves decided to appoint and clear
him anyway.5"

In visiting the various fast-neutron fission groups earlier in 1942, Op-
penheimer had noticed some duplication in their work and surmised that
certain ideas were being stifled because researchers had no overview
of the project. To achieve collaboration without threatening security,
he would have to consolidate the project in one isolated, controlled
location.®® Manley agreed, figuring that such a scheme would give the
scientists better facilities. He was also weary by then of coordinating the
activities of far-flung groups, a job that required him to be the “infor-
mation chief, procurement agent, liaison officer, member of the technical
committee (of two) and group leader for the Chicago program.”®®

Oppenheimer probably communicated his ideas on setting up the lab-
oratory that would become Los Alamos to the S-1 Executive Commit-
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Fig. 4.2. John Manley, a group leader in the experimental physics division,
was Oppenheimer’s right-hand man in setting up the Los Alamos laboratory.
LA Photo, LAT 147.

tee, sometime before a meeting that was held on 13 September 1942
at Lawrence’s Bohemian Grove retreat. McMillan, an early member of
Lawrence’s laboratory, was taking a leading role in the planning. In a
cable the next day, at Lawrence’s suggestion McMillan asked that Op-
penheimer, Manley, Fermi, and Lawrence meet in Chicago one week
later to formulate plans for the new fast-neutron laboratory that would
house the section of the Manhattan Project code-named Project Y. The
conference was held on 19-23 September.”

Groves initially wanted the laboratory sited near the plant producing
the fissionable material, most likely in Tennessee.”* By 12 October, he
had changed his mind and decided that the laboratory should be lo-
cated far from Tennessee and separated also from Chicago.”® That day,
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Manley sent Oppenheimer plans for the laboratory that he had submit-
ted several days earlier to the engineering firm of Stone and Webster,
the prime contractor for the Tennessee site.”> Manley had estimated
the size of the buildings by adding up the number of rooms already in
use for the fast-neutron research at the various university laboratories.
The planned buildings were to house six theoretical physicists with six
assistants, twelve experimentalists with fourteen assistants, and five sec-
retaries. Laboratories that housed radiation-producing machinery were
to be isolated from the administrative building and other laboratories.™
Oppenheimer added a cryogenics laboratory for research on the Super,
along with engineering and shop space, and slightly enlarged the build-
ings to allow modest expansion.”®

Site selection was the next major issue in the fall of October 1942.
Groves had instructed Maj. John H. Dudley of the Corps of Engineers
to search the western United States for a site at least 200 miles inland
(to be safe from enemy air attacks), with facilities to accommodate a
handful of scientists and a few hundred support personnel. The site was
to be isolated, but accessible by a road, and to lie in a natural bowl with
nearby hills to contain accidental explosions.”® Dudley selected Jemez
Springs in north central New Mexico. But, on visiting the Jemez Springs
site, Oppenheimer objected to the narrow valley in which Jemez Springs
was located. In addition, he felt that the access road needed only to be
good enough to haul in a few howitzers. He suggested the site of the Los
Alamos Ranch School, on the other side of the Jemez Mountains. He
had visited Los Alamos during summers spent on his family’s nearby va-
cation ranch. On viewing the Los Alamos site, Groves was unconvinced.
However after learning that Oppenheimer had told Dudley he was set
on Los Alamos, Groves initiated acquisition procedures.””

Recruitment: A Military or Civilian Laboratory?

When Oppenheimer and Manley began recruiting personnel in the fall
of 1942, they were told that under NDRC policy no one committed to
any of its other projects could be approached. F. Wheeler Loomis, per-
sonnel director of the MIT Radiation Laboratory, insisted on a strict
interpretation of this policy. But adherence was almost impossible be-
cause practically all top scientists in America were already engaged in
other wartime projects.”® Oppenheimer struck a deal with Bush, Co-
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nant, and Groves: if he could demonstrate that a person was essential
to Los Alamos, one of the others would work to remove the obstacles.”

For example, although at first McMillan seemed unavailable, a week
later Conant had arranged for his transfer.?® Often the intervention of
Groves or some other high-level member of the military or government
was needed, as in the case of Norris Bradbury, then at Dahlgren Naval
Proving Ground.®! Groves also intervened for the release of Norman
Ramsey, who was willing to leave Washington and work at Los Alamos,
but was serving as an adviser to Edward Bowles in the secretary of
war’s office. Bowles and Groves both wanted Ramsey on their payroll
and worked out a compromise by which Ramsey would continue to work
for Bowles but be on permanent loan to the Manhattan Project.52

Oppenheimer identified many of the recruits through his extensive
network of friends and students.®® On occasion, the cancellation of other
projects worked in his favor. For example, he was able to acquire the
entire Princeton group working under Robert Wilson on the Isotron
(an NDRC electromagnetic separation project that had been canceled
early in 1943).%¢ Wilson later recalled: “We became ... a research team
without a problem, a group with lots of spirit and technique, but nothing
to do. Like a bunch of professional soldiers we signed up, en masse, to
go to Los Alamos.”®> Some of the recruits, such as those working on
fast-neutron problems at Minnesota, Wisconsin, Chicago, Purdue, and
Cornell, were simply asked to continue their work at the new location.%®

Oppenheimer was allowed to tell the scientists being considered for
positions as group or division leaders something about the specific work
they would be doing and to ensure them that every effort would be
brought to bear on this work. But he could tell other recruits practically
nothing more than that the work was important enough to possibly end
the war. He emphasized the climate, physical beauty, and recreational
possibilities of Los Alamos.

From the very outset, the proposed collaboration with the military
created a serious recruiting obstacle. Groves, Conant, and Oppenheimer
originally conceived of the laboratory as a military installation in which
the scientists would be commissioned officers. Indeed, Oppenheimer
had already ordered his uniforms. At the same time, he planned to
work around the military in such a way that Los Alamos would be
military only in name, but many objected to this concept. Bacher, who
had been recruited to lead the experimental physics program, and Rabi,
one of Oppenheimer’s most trusted advisers, both refused to have any

connection with a military project.®”
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Groves compromised. He and Conant agreed to make Los Alamos
a civilian laboratory initially, but asked that Groves be free to impose
military rule if and when he saw fit — which would be the case only if
the work became too dangerous for civilians. In a letter to Manley, to
be passed on to those who had already agreed to come, Oppenheimer
specified the responsibilities of the scientific director and commanding
officer, affirming that although the employees of the laboratory would
not have to be military personnel, the military would control the town
as well as the entrance to the Technical Area.®® Bacher tendered his
resignation effective the day the laboratory became a military facility.
Rabi decided that he could not leave his job as associate director of
the MIT Radiation Laboratory. He became an adviser to the project
rather than a staff member.3® Others such as Williams at Minnesota
were unhappy about the possibility of military control but agreed to
come anyway, at least for the first period.?®

Completing the Site and Starting Work

Many scientists recruited for Los Alamos in 1943 had difficulty finding
the laboratory. Nicholas Metropolis was simply handed a packet of pa-
pers containing cryptic instructions on how to get to Santa Fe and then
to a small unmarked office on the Plaza. To his dismay, Metropolis
found that his train did not stop in Santa Fe, but rather at Lamy, a
small village approximately 15 miles from Santa Fe. Following instruc-
tions, Metropolis caught a bus to the Plaza and began looking for the
small unmarked office.

Metropolis had been instructed first to locate the Bishop Building,
but while walking across the Plaza with his suitcases, he noticed a man
following him. When Metropolis stopped, the other man stopped, too.
Upon entering the Bishop Building, Metropolis looked for the man’s
shadow, but he was gone. He needed to find room number 9. After
searching the building, he found the unmarked room by extrapolating
from rooms that were marked. Metropolis knocked. A voice behind the
door challenged, “Are you expected?” “I think so,” he responded and
gave his name, whereupon he was instructed to go to 109 East Palace
Street.

At 109 East Palace Metropolis was greeted by a friend — Rose Bethe,
who was helping Dorothy McKibben, a lifetime Santa Fe resident, who
had been appointed by Oppenheimer to manage the Santa Fe reception
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Fig. 4.3. Office of Dorothy McKibbin, the first contact arriving Los Alamos
scientists had with the laboratory. LA Photo, LAT 2533.

center. Bethe arranged for Metropolis to stay in Tesuque at Rancho
Encantado and later at the Gables Ranch, until a room could be found
in Los Alamos. Also staying at the Gables Ranch was the man who
had followed Metropolis across the plaza — Rene Prestwood, a chemist
recruited from Berkeley. Prestwood had actually been trying to avoid
Metropolis while he, too, searched for the Bishop Building.

The problem Metropolis and others hired at the start of Project Y
faced was that the Los Alamos Laboratory was not yet operating in
March 1943. Research was not yet possible “on the Hill,” as the labo-
ratory came to be called, because many buildings were still under con-
struction, equipment was still arriving, and food and housing were not
yet available for more than a small group of people. Fuller Lodge, one
of the main Ranch School buildings, and the “Big House,” a large dor-
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mitory, were among the few accommodations; most of the scientists
were initially housed at dude ranches in the vicinity. Cold box lunches
were brought up each day from Santa Fe. For telephone communication
lab staff had to rely on an old Forest Service telephone line.®! Priscilla
Greene Duffield, Oppenheimer’s secretary, described Los Alamos as “a
pretty appalling place. It was windy, dusty, cold, snowy ... and nothing
was finished.”%2

Soon after Groves acquired the site, Albuquerque District Engineer
Colonel Lyle Rosenberg selected the M. M. Sundt Company as con-
tractor for the first construction effort. Sundt was available, financially
strong, and could work almost without subcontractors. With only a
handshake to seal the commitment on 6 December 1942 and without
even being given plans for the first building, Sundt agreed to a comple-
tion date of 1 February for the technical buildings and overall completion
on 15 March 1943. Allison, Oppenheimer, Groves, Santa Fe architect W.
C. Kruger, and Albuquerque engineer Elmo Morgan planned the origi-
nal layout of the Technical Area. Oppenheimer, Manley, and McMillan
produced and turned over to the Boston firm of Stone & Webster speci-
fications for the technical buildings from which the firm would create the
blueprints.’® The plans were returned to Kruger to ensure they complied
with standard military building requirements wherever possible. He was
also asked to plan the remodeling of the Los Alamos Ranch School build-
ings and to design utilities and streets.®* Sundt did not wait for plans,
but began work immediately.

Numerous difficulties prevented Sundt from completing the work on
schedule. Local labor was scarce and hard to keep in residence at Los
Alamos. Labor unions questioned the hiring and firing practices of the
company. Last-minute modifications were often requested verbally by
the scientists. The scientists wanted what seemed to them to be obvious
improvements, regardless of contractual problems. But unless the Corps
of Engineers accepted the buildings according to the original specifica-
tions, the contractor was held accountable. When the Sundt company
finished a building, they transferred it to the Albuquerque District Engi-
neers, who then transferred it to the Manhattan District Engineers, who
then turned it over to the scientists. Only after the buildings were ac-
cepted could they be changed without legal or financial harm to Sundt.
Another complication was that construction crews sometimes had to
complete their work under the scrutiny of security guards. Although
scientists found many buildings unfinished on the promised date, they
moved in anyway, often at night.%®
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Fig. 4.4. New Mexico State Highway No. 4, the first major road built
leading to Los Alamos, October 1943. LA Photo, 00384.

A remarkable number of buildings were completed by mid-April. The
first set were the veterinary hospital, the fire station, the post adminis-
tration building, three gatehouses for pass checkpoints, and warehouses
— all necessary buildings, but not laboratories. By late March 1943,
the complete set included several additional military post buildings and
forty-two apartments. The main technical building, the chemistry and
physics laboratories, the cyclotron building, and the shop facility were
all completed before the end of March. By mid-April, the Van de
Graaff building, the Cockcroft—-Walton facility, forty-four more apart-
ments, dormitories for forty bachelors, a recreation hall, theater, and
infirmary were finished. By the end of April, 96 percent of the contract
had been completed.’®

The laboratories soon filled with equipment. Truckloads of electronics
parts and tools arrived from Wilson’s Princeton Isotron project. Parti-
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Fig. 4.5. Technical Area Map, ca. 1945.

cle accelerators were among the important larger pieces. Oppenheimer,
McMillan, and Manley looked for several accelerators already in use
in the fast-fission program. The best Van de Graafls were pressurized
models from Raymond G. Herb’s high-voltage laboratory at the Uni-
versity of Wisconsin. After long negotiations, Los Alamos acquired two
of them.%” A Cockcroft-Walton accelerator was “borrowed” from the
University of Illinois for two reasons: Manley knew the intricacies of
this machine, which he and Leland Haworth had built in 1938. Second,
this accelerator was one of the few to incorporate a deflecting system to
provide a pulsed neutron source to investigate time-dependent neutron
phenomena, such as the capture of neutrons in various substances.?®
The acquisition of the cyclotron illustrates the absurdities of military
requisition in a climate of secrecy. McMillan investigated several cy-
clotrons and decided that the one at Harvard was most suitable.’® The
military specified that for reasons of security the Manhattan Project
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had to convince Harvard to turn the machine over to them without of-
fering any explanation for why it was needed. The Harvard physicists
suspected the use to which the cyclotron would be put, especially when
they saw Wilson as part of the negotiating team. But the army person-
nel had been instructed to tell Harvard that the accelerator was needed
for a medical installation in St. Louis. They were authorized to pay
a large sum for it. The army kept up its pretenses while the Harvard
group pointed out inconsistencies in their story. As Wilson recalls, the
Harvard physicists grew exasperated and in effect told the bargainers
they could have the machine for almost nothing if they were going to
use it in the fission project. Nonetheless, the army personnel obeyed
their orders and stuck to the false story. They finally paid Harvard a
large sum for the cyclotron.!?® Procuring both equipment and raw mate-
rials at the isolated site without arousing suspicion would be constantly
frustrating.!®! Physicist Dana Mitchell was hired to head procurement.
One of the earliest consultants on the Los Alamos project, he had han-
dled procurement for the physics laboratory and NDRC fission project
at Columbia University.!%2

Priority ratings were a major problem. In 1942, Colonel James C.
Marshall, then head of the Manhattan Project, had arranged the high-
est rating from the Army Services of Supply (SOS) that could be granted
to a nonproduction project under the wartime priority system. Projects
to produce airplanes, tanks, ships, and guns had highest rating.!®®* When
Groves assumed command of the project several months later, he pressed
the War Production Board (WPB) for the authority to use the emer-
gency AAA priority when necessary. WPB chairman Donald Nelson
granted this authority on 26 September 1942, but Groves was still not
satisfied.1%* As the massive construction projects at Hanford and Oak
Ridge demanded increasing amounts of steel and concrete, Groves sought
the highest projectwide rating as well {AA-1). He obtained it on 1 July
1944.105

The University of California Contract

Another important administrative task for Oppenheimer and Groves was
to select a contractor who could help with procurement and other ad-
ministrative tasks without knowing why Los Alamos existed. Physical
proximity was unimportant, for the contractor only needed to handle
business, not scientific work. The University of California at Berkeley,
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for whom Oppenheimer worked, was a natural choice, because the orga-
nization was sufficiently large, was not yet impossibly overburdened with
war work, and had ample experience in administering research projects.

The contract negotiations between General Groves, OSRD lawyers,
and Robert M. Underhill, secretary-treasurer of the Board of Regents
of the University of California, lasted into the early months of 1943.
Oppenheimer would not accept the contract until Mitchell (who sat in
on the negotiations for Oppenheimer) was satisfied.’’® The two sides
came to terms on 20 April 1943 on a contract made retroactive to 1
January 1943 to account for work already done by the university in the
past three months.!%7

The contract — still in effect today — established parameters for the
participation of the university in the war work. For example, the uni-
versity agreed to furnish necessary personnel, supplies, materials, and
equipment. Oppenheimer depended on UC President Robert Sproul’s in-
terpretation of university personnel rules and regulations, as well as more
general university operating procedures. The government amended the
contract periodically and reserved the right to extend it for the duration
of the war plus six months. The university remained almost ignorant of
the laboratory’s mission. The West Coast procurement office, set up in
Los Angeles, used an intermediary, E. J. Workman, a professor of physics
at the University of New Mexico, as a blind drop for shipments.1?®

The signing of the contract also signified the formal beginning of the
Los Alamos Laboratory.
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Research in the First Months of
Project Y: April to September 1943

As soon as the Los Alamos Laboratory opened its doors, committees
were formed to plan the research program and cope with practicali-
ties. Robert Serber offered an indoctrination course early in April 1943
to acquaint scientists with the current state of research on the atomic
bomb. Conferences that month laid out specific research objectives.
Even though many fission constants were poorly determined and the
accuracy of approximations was generally low, Los Alamos physicists
were confident that a reasonably efficient gun bomb could be built. Ac-
ceptance of the gun as a workable assembly lent optimism to the entire
project. As a fallback, Oppenheimer established a small research effort
under Seth Neddermeyer to explore implosion assembly.

* This chapter was coauthored by Paul Henriksen, Gordon Baym, Lillian Hoddeson,
Roger Meade, and Catherine Westfall. Henriksen wrote on the Planning Board
and contributed to the section on the April conferences. Baym wrote on Ser-
ber’s lectures and contributed to the section on the April conferences. Hoddeson
contributed to the section on the April conferences, and wrote the section on im-
plosion. Meade wrote the section on gun assembly, and Westfall the section on
nuclear physics. We thank Alison Kerr and Les Redman for extensive editorial
contributions.
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The Planning Board

Committees helped Oppenheimer make major decisions, with Groves’s
approval. The first informal committee — Robert Wilson, Edwin McMil-
lan, Oppenheimer, Edward Condon (the associate director), John Man-
ley, and Serber — met on 6 March 1943 and considered practicalities,
such as when people and equipment would arrive and who would handle
services rendered by the machine and electronics shops.!

This initial planning group gave way several weeks later to a larger
committee called the Planning Board, which coordinated the technical
program over the next month. Oppenheimer, Condon, Dana Mitchell,
and Julian Mack provided administrative guidance, while Wilson, Ser-
ber, John Williams, McMillan, and Donald Mastick planned the scien-
tific program.

The Planning Board discussed the latest estimates of the critical mass,
the availability of materials for the bomb case, and the proper techniques
for forming it. They discussed the problem of laboratory space, an issue
that would be of special concern for the ordnance groups. According
to the plan then in effect, the ordnance effort was to be small, com-
parable to the metallurgy and cryogenics efforts. Richard Tolman was
tentatively penciled in as leader. Most of the meeting was spent on
briefing new staff members about arrangements and organization, for
example, ordering supplies, procurement, room allocations, ordnance,
security, and power allocation. The procurement system was still ill-
defined, because the contractor, the University of California, had just
been selected. Equipment was not easy to obtain; Oppenheimer’s sec-
retary, Priscilla Duffield, bought her own typewriter in Santa Fe and
attempted throughout the rest of the war to gain reimbursement.’

The Planning Board met again on 2 April, with most of the same per-
sonnel and a few important additions: Robert Christy, Richard Feyn-
man, and Emil Konopinski. The emphasis was again on nontechnical
matters, including security, electric power, provisions for a town coun-
cil, relations with the building trades unions, working space, and new
buildings. The most important technical decision was to hold a “short
course ... open to scientific personnel only ... to give a rapid survey” of
the technical problems. The date for these lectures, to be delivered by
Serber, was confirmed for early April. They planned a more “thorough
and systematic set of seminars” to be held after Serber’s lectures.

The group at the third and last meeting of the Planning Board,
on 8 April, included Edward Teller, Arthur Wahl, Hans Bethe. and
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Neddermeyer.? As in the previous meetings, the discussion centered on
people and working space. The laboratory already had commitments
from some 150 staff members, but the available housing was almost
filled. The board decided to delay the hiring of personnel not immedi-
ately needed. Laboratory leaders agreed that in the future they would
need “to be more far-sighted about expansion” and allow time for con-
struction (a plan seldom realized). The remainder of the meeting was
used to outline the first three months of the experimental program and
the conference that would follow Serber’s lectures.

In May, a second committee under Lewis, which had attended the
Planning Board meetings, issued its report on the Los Alamos program.
The commmittee judged progress to be satisfactory but recommended
that the mission of the laboratory be expanded to include plutonium
metallurgy and purification, ordnance engineering and development, ex-
plosives fabrication, and a variety of community activities. Those recom-
mendations, which Groves accepted in substance, destroyed “the original
concept of Los Alamos as a small physical laboratory.”*

Serber’s Introductory Lectures

Serber had remained in Berkeley after the July 1942 conference, contin-
uing his research on the bomb project out of Oppenheimer’s office. His
five Los Alamos lectures, delivered on 5, 7, 9, 12, and 14 April 1943,
were based directly on this research.

Serber’s Los Alamos series summarized the state of knowledge on the
atomic bomb. As he recalls: “Previously the people working at the
separate universities had no idea of the whole story. They only knew
what part they were working on. So somebody had to give them the
picture of what it was all about and what the bomb was like, what was
known about the theory, and some idea why they needed the various
experimental numbers.”® The Planning Board assigned responsibility
for the course to Condon and Serber; Condon’s principal contribution
would be to serve as secretary during the lectures and write a summary
of the course.®

Serber’s lectures reflect the enormous insight that researchers had al-
ready achieved into the basic physics of an atomic bomb, as well as the
significant amount of work they had done on the problem. The lectures
began by defining the objective of the project: “to produce a practical
military weapon in the form of a bomb in which energy is released by
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a fast neutron chain reaction in one or more of the materials known to
show nuclear fission.”” He then turned to factors affecting bomb design.

The first factor was the energy release, known to be on the order of 170
MeV per fissioning atom, or 7 x 10'7 ergs/gm; thus 1 kg of 233U, or “25,”
would contain the same explosive energy as 20,000 tons of TNT. The
second was the fast-neutron chain reaction. Since a neutron-capture-
induced fission of 23U released two neutrons, a fast-neutron chain re-
action in a kilogram sample would, as he described, ideally proceed by
doubling the number of neutrons in each “generation,” requiring some
eighty generations “to fish the whole kilogram.” Unfortunately, the re-
leased energy would heat the material, increase its pressure, and tend
to blow it apart before the entire fissioning process was complete.®

Whether a bomb would work, therefore, depended on how rapidly
neutrons were lost through the surface of the 22°U, a loss exacerbated
by the expansion of the system, which would eventually stop the chain
reaction. “The whole question of whether an effective explosion is made
depends on whether the reaction is stopped by this tendency before an
appreciable fraction of the active material has fished.” Serber optimisti-
cally observed that “it is just possible for the reaction to occur to an
interesting extent before it is stopped by the spreading of the active ma-
terial,” since the time scale for neutron multiplication was comparable
to the time scale for expansion.®

Serber turned to the nuclear physics of the “materials in question™ -
23577, 2380, and 2%%Pu. The first factor to consider here was that the
fission cross section, o, for the fissionable material on the incident neu-
tron energy. Plotting what was known of the dependence of o for 23°U,
2387, and 23°Pu, he observed that 25 has a cross section of 1.5 x 10724
cm? for neutron energies above 0.5 MeV, and that this value rises rapidly
as neutron energy decreases; the behavior of 49 was presumably simi-
lar. By contrast, neutron-induced fission of 28 occurs only for neutron
energies above 1 MeV, with a fairly constant cross section above this
threshold. As he also pointed out, the spectrum of energies of neutrons
released in fission could be interpreted in terms of neutron evaporation
from a thermal source at a temperature of about 0.5 MeV, and although
the mean energy was about 2 MeV, an appreciable fraction of the neu-
trons released had energies less than 1 MeV and so were unable to cause
2387 to fission. Another parameter was the average number of neutrons,
v, produced in each fission. It was not yet known “whether v has the
same value for fission processes in different materials, induced by fast or
slow neutrons or occurring spontaneously,” but he gave the best avail-
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able estimate, v = 2.2 £ 0.2, “although a value v = 3 has been reported
for spontaneous fission.”!?

The basis for the production of 2*?Pu in a slow-neutron fission pile,
Serber noted in passing, was the process, 233U + n — 23°U + 4, which
“acts to consume neutrons.” The 23*U undergoes two beta decays to
239Py. The value of v for 2**Pu had not yet been measured although,
as he remarked, “there is every reason to expect its v to be close to
that for U.” He added that “since it is fissionable with slow neutrons it
is expected to be suitable for our problem” and revealed that “another
project is going forward with plans to produce it for us in kilogram
quantities.” He then pointed out that “further study of all its properties
has an important place on our program as rapidly as suitable quantities
become available.”!?

Why, he asked, was ordinary uranium, containing only 1 part in 140
of 235U, safe against a fast-neutron chain reaction? Because a large
fraction of the neutrons produced would not be able to cause component
28 to fission, the effective neutron multiplication number in ordinary
uranium is only about 0.4; a value above unity was needed for a chain
reaction. Serber judged that an explosive reaction could not occur unless
the fraction of 25 in the uranium was increased by at least a factor of
10 from its normal abundance.

Serber estimated the critical mass of a bomb using elementary dif-
fusion theory (which, he recognized, was only valid when the neutron
mean free paths are short in comparison with the size of the system, “a
condition not fulfilled in our case”) for a sphere of active material. The
rate of buildup of the neutron density in an infinitely large sphere would
be (v — 1)/7, where T ~ 1072 s is the mean time between fissions in
the material; the buildup would be less rapid in spheres of finite size. In
this simple theory, the critical radius, R., the one for which the neutrons
multiply just as fast as they leak out, would be given by

R? =n’Dr/(v - 1),
where D is the diffusion coefficient. The dependence of the latter on the
scattering cross section “brings out the reason for measurements of the
angular scattering of neutrons in U.” With the available numbers, he
estimated a critical radius of 13.5 cm, which corresponded to a critical
mass of 200 kg. However, he pointed out that the “more exact diffusion
theory,” recently applied to the problem by theorists at Berkeley, re-
duced this number to about 60 kg.12 A professor at heart, Serber posed
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an exercise for the audience to derive the critical size of a cube of active
material.!3.

The advantage, Serber continued, of surrounding the active material
by a shell of heavy inactive material — a tamper, such as gold, tungsten,
rhenium, or uranium — was that it would reflect inward “some neutrons
that would otherwise escape” and thus would allow far less active ma-
terial to form a critical mass. The tamper would serve the additional
purpose of retarding the expansion of the active material. Although
the densest materials appeared to be best for reflecting neutrons, he
cautioned that “a great deal of work will have to be done on the proper-
ties of tamper materials.” According to elementary diffusion theory, the
critical radius in the limit of a very large tamper would, as he derived
for the special case that the neutrons diffuse equally well in the tamper
and active material, be just half of that for an “untampered gadget”; in
other words, one-eighth the material would be needed. Again he gave
the audience an exercise, to study the soluble case in elementary dif-
fusion theory that neutrons diffuse half as fast in the tamper as in the
active material, an exercise that showed “it would be very much worth
while to find tamper materials of low diffusion coefficient.”?*

Because the correction for a finite neutron mean free path was not
as large as for a “bare bomb,” more accurate diffusion theory, Serber
reported, predicted a decrease in the critical mass by a factor of four,
rather than eight, as predicted by elementary diffusion theory. The
critical mass of 25 with a normal uranium tamper, weighing about a
ton, would be about 15 kg, whereas that for 49 would probably be less,
about 5 kg. Serber recognized that the critical masses were still quite
uncertain, especially for plutonium. Improving the estimates would, he
stressed, require better information on the nuclear properties of both the
bomb and tamper materials. Most important, Serber thought the critical
masses would have to be determined by actual tests when materials
became available.'®

Serber then turned to the nature of the damage that a bomb would
cause. First, the production of radioactive material would severely con-
taminate the area up to 1,000 yards from the explosion. Second, the
blast (or shock) wave produced by the explosion would cause mechan-
ical damage. Serber, here treading on relatively unfamiliar ground for
physicists in that period, described the physics of a blast wave qualita-
tively, rather than introducing the basic theory of shock waves, quoting
the result that the maximum pressure in the blast falls off with increas-
ing distance r from the explosion as E/r®, where E is the total energy
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released by the bomb (a “scaling” solution). Thus, “if destructive action
may be regarded as measured by the maximum pressure amplitude,” the
radius of destruction would grow with the cube root of Ej; scaling from
the known radius of damage of TNT, he showed that conversion of 5 kg
of active material would have a destructive radius of about 2 miles. Be-
cause “the one factor that determines the damage is the energy release,
our aim is simply to get as much energy from the explosion as we can.
And since the materials we use are very precious, we are constrained to
do this with as high an efficiency as is possible.”?®

That “efficiency,” as Serber defined it, was the “fraction of energy re-
leased relative to that which would be released if all active material were
transformed.” To further explain efficiency, he laid out in a figure the
“course of events” in an explosion, showing how the energy released, the
neutron density, and the pressure increase exponentially with increasing
time. For a mass of active material just above critical, the efficiency
would be proportional to the square of v — 1, divided by the square of 7,
the time between fissions, times the cube of the amount that the initial
radius of the core exceeded the critical radius. More accurate estimates
from the Berkeley studies include the comparably important effect that
the buildup of pressure begins to blow off material at the outer edge of
the bomb.!”

Earlier calculations were also made to study the “effect of tamper
on efficiency.” According to Serber, tamping would always increase effi-
ciency, but not by as much as one might expect simply from the lowering
of the critical mass by the tamper. The point is that the slow neutrons
that would keep the chain reaction going would spend a long time being
reflected by the tamper - in fact, the important time scale would be the
neutron lifetime in the tamper, rather than in the bomb, which would
be a factor of ten greater. “To get good efficiency” would require a mass
well above critical, for which uranium or gold would behave much the
same as tampers. An added advantage was that tampers would prevent
the edge of the bomb from blowing away.1®

Next, Serber discussed the detonation of the active material. The
problem was how to go from an initial configuration with neutron mul-
tiplication less than unity to a final one with a growing chain reaction.
To do so would take time, and if the configuration spent too much time
being just above critical, “an explosion started by a premature neu-
tron will be all finished before there is time for the pieces to move an
appreciable distance.” To avoid such a predetonation, “it is therefore
necessary to keep the neutron background as low as possible and to effect
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the rearrangement as rapidly as possible.” To calculate the chance of
predetonation from the unavoidable neutron background, a problem in
probability theory, he appealed to a simple gambling analogy of tossing
loaded coins to argue that the effective neutron multiplication number,
v/, is the probability that any one neutron would start a chain reaction.!®

Now, he asked, “what if by bad luck or because the neutron back-
ground is very high, the bomb goes off when v' is very close to zero,”
that is, it fizzles, leaving the enemy the “opportunity to inspect the re-
mains and recover the material?” This event would not in fact be a
concern, since there would also be a small energy release adequate to
destroy the bomb.?°

These worries aside, how would one actually initiate the chain reac-
tion? One possibility would be to make the pieces of the assembly stay
in the desired position when shot together. Safer still would be to use a
strong neutron source that would become active when the pieces came
together.

The actual neutron background could arise from three sources: cos-
mic rays, spontaneous fission, and nuclear reactions. The number of
cosmic-ray neutrons was known to be too small to be of any importance.
Similarly, the known limits on spontaneous fission from the elements 28,
25, and 49 were small enough that neutrons from this mechanism in
the active material would not be a problem, except possibly with the
use of large uranium tampers. The only mechanism that appeared to
present a serious problem was that « particles might produce neutrons
by interacting with light element impurities in the active material. This
problem would be difficult to surmount by producing 49 of extremely
high purity; the expected high-neutron background in a 49 bomb would
make a high firing velocity very desirable.?! On the other hand, most of
the a’s in 25 would come from the rare component 24, and so the neu-
tron background in 25 would be a less critical problem. At this stage,
one could not, because of the lack of experimental information, foresee
the absolutely overshadowing problem that Los Alamos would face one
year later — that of predetonation in the presence of neutrons from the
spontaneous fission of 24°Pu, a problem that would be unavoidable in a
gun-assembled weapon using 23%Pu.??

Serber turned finally to assembly techniques to bring the active ma-
terial above criticality — “the actual mechanics of shooting” —~ admitting
that “this is the part of the job about which we know least at present.”??
The basic tool envisioned was the gun, a familiar technology well within
the grasp of Project Y.2* Serber discussed various schemes, among them
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the Serber and Tolman implosion idea. These schemes raised many ques-
tions: How well could guns be synchronized? What were the possibil-
ities of shooting noncylindrical shapes at lower velocities? What were
the mechanical effects of the blast wave entering the gun barrel before
the projectile? Could projectiles be made to seat properly? And could
a piston of inactive material in the gun barrel be used to drive active
material together, and thus minimize the effects of the steel gun barrel
reflecting neutrons and initiating the chain reaction? The autocatalytic
methods, Serber calculated, would require large amounts of active ma-
terial to be efficient and would be dangerous to handle. In summary,
“some bright ideas [were] needed.” Those ideas could only come from
new studies on “techniques for direct experimental determination of crit-
ical size and time scale, working with large but subcritical amounts of
active material.”?®

The April Conferences

The next stage in the orientation was the April conferences for new Los
Alamos technical staff, held from 15 April through 6 May, for the pur-
pose of analyzing “the scientific problems of the Los Alamos Laboratory
and to define its schedules and its detailed experimental program.”?®
Oppenheimer began the first meeting with a summary of current views,
covering some of the same ground as Serber. He included the estimate
that 100 g of 233U would be shipped every day beginning in early 1944,
while 300 g of 23°Pu could be shipped each day by early 1945.

One means of amplifying the release of energy in the bomb, Oppen-
heimer stated, was to induce a thermonuclear reaction in liquid deu-
terium: “This possibility has been considered in detail and it is highly
probable that in principle the scheme is feasible. It will need more devel-
opment than the gadget and is naturally secondary to the development
of the gadget. But arrangements should be made that its development
follow immediately the completion of the gadget.” Thus, while the Su-
per was being discussed by scientists at the laboratory, it was already
clear that the project was of secondary importance.

On the second day of the conference, Manley described the upcoming
experimental program and the neutron sources it would use: the Har-
vard cyclotron, the two Van de Graaff machines from Wisconsin, and the
Cockcroft-Walton from Illinois. He also mentioned plans for building a
pile, dubbed the “Water Boiler.” Bethe, on the next day, discussed past
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measurements of physical constants, time delay, neutrons per fission, fis-
sion cross sections, and critical mass and efficiency calculations. On the
fourth day, Serber discussed the role and properties of the tamper in the
weapon. The fifth day was devoted to experimental methods. Joseph
McKibben spoke on the coincidence-proportional counter, Williams and
Hugh Richards on other recoil detection schemes, Manley on threshold
detectors, Emilio Segré on the analysis of foils for fission cross-sectional
measurements, and Joseph Kennedy on foil preparation and the special
problems of detection in spontaneous fission measurements. The fol-
lowing day featured a discussion of the properties of natural uranium,
including its potential as tamper material. Oppenheimer led a discus-
sion on detonation by the gun method on the seventh day. Teller spoke
on autocatalysis on the eighth day. On the next day, Fermi discussed
the development of the pile and its uses. On the tenth and last day of
the conference, Bethe discussed ways to approach critical mass gradu-
ally in experiments and thereby determine critical mass, time scale, and
damage.

From 21 to 24 April the same group discussed the first experiments
that needed to be done. More planning was done in the week of 27 April;
in line with the earlier discussions, several sessions were devoted to both
“differential” experiments, designed to measure the effects of individual
nuclear phenomena, and “integral” experiments, designed to duplicate
general properties of the bomb. In addition, the group discussed mea-
suring the energy spectrum of fission neutrons, fission cross sections,
neutron delay, the water boiler, and thermonuclear reactions. They also
laid plans for the chemistry and metallurgy program and problems in
ordnance design.?”

Nuclear Physics Research: April-September 1943

Many problems discussed at the April meetings involved basic measure-
ments in nuclear physics. As Manley noted in his 16 April lecture, only
two types of fast-neutron integral experiments had been performed, both
at Chicago: a rough measurement of fast-neutron fission using a radium-
beryllium source and the Snell experiment, which first measured “the
ratio of fission to capture” and later measured “the ratio of fission in
235 [uranium-235] to fission in 238 [uranium-238].” In the second year
of the project, neutron multiplication measured in progressively larger
assemblies of active material would be done at Los Alamos to deter-



Research in the First Months of Project Y 1

mine the critical radius, and, by extrapolation, the critical mass. Since
the new laboratory possessed only about 1 g of 23°U, obtained from
Ernest Lawrence’s mass spectrograph in Berkeley, and mere micrograms
of cyclotron-produced 23°Pu, such experiments could not possibly be
done in the first year.

The laboratory could not afford to wait a year for more accurate de-
termination of critical masses. The critical mass, which determines the
size of the bomb, was the most vital piece of information in planning
the delivery program. The value could affect the plans for plutonium
and uranium production at QOak Ridge and Hanford. It fell to the the-
oretical physics division to estimate this crucial parameter on the basis
of imperfect measurements of nuclear constants.

At first, T-Division was not organized into groups, as the other di-
visions were. Bethe, the division leader, assigned each member to one
or more of twelve projects, including the urgent critical mass and effi-
ciency calculations, studies of uranium hydride, the Super, blast waves,
and integration methods. He asked some of the theorists to work with
individual experiments; for instance, Christy went to the Water Boiler
group.?®

At the 15 April meeting, Oppenheimer estimated the critical mass of
a 23U gadget with a tamper to be 25 kg on the basis of the following
equation, derived from the best available neutron diffusion theory:
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“where A is the atomic weight; N is Avogadro’s number; g is the trans-
port cross-section of the gadget material; o5 the fission cross-section; v
the number of neutrons per fission; and p the density of the gadget.” But
the result was only as accurate as the values of the inserted constants;
the only available value for ¢; was for 223U, and the only value for v
was from Fermi’s “doubtful” calculation of the number of thermal neu-
trons absorbed and the ratio of fission to capture. Estimates for a >*°Pu
weapon were even more uncertain, since few cross-section measurements
had been made and v had not been measured. In addition, the diffu-
sion theory used for the estimate was based on a number of simplifying
assumptions, one being that all neutrons had the same velocity.

The experimental fast-neutron program had thus far conducted only
differential experiments to measure nuclear constants. As discussed at
the April meetings, Wisconsin measurements showed that the 2*°U fis-
sion cross section was a constant of about 1.6 barns at energies above 600
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keV, and at lower energies it fell approximately inversely with energy.
Although few 23°Pu cross sections had been measured at fast-neutron en-
ergies, measurements at thermal energies indicated that the fission cross
section of 23°Pu was 1.9 times greater than 23°U. Fermi had measured
the number of neutrons produced for each thermal neutron absorbed
and estimated that the number per fission was 2.2, taking into account
the ratio of fission to capture. If the number of neutrons per fission de-
pended on the thermal neutron cross sections, however, Fermi’s estimate
would be invalid. Fission spectrum measurements with the Rice cloud
chamber and the Liverpool photographic plates suffered from inelastic
scattering of the neutrons in large samples. Los Alamos had few data
on capture and inelastic cross sections. The laboratory clearly had to
learn far more about fast-neutron sources and detectors.?®

The nuclear physics program conducted in P-Division began with two
preliminary measurements: the delay in the emission of fission neutrons
and a comparison of the neutrons per fission, v, for *Pu and #*U.
As Wilson recently explained, it was imperative to confirm conclusively
that the fission neutrons were not delayed and that v was large enough
“f you’re going to spend a billion dollars.”*® Theoretical understanding
of fission suggested that most fission neutrons would be ejected shortly
after neutron capture. Nonetheless, to provide assurance that the bomb
project would not be thrown into jeopardy by unexpected delayed neu-
trons, which would lower the efficiency of the weapon, Oppenheimer
planned more accurate neutron delay measurements. The rationale for
measuring v for 2*°Pu was similar. Joliot’s measurements and Fermi’s
work on the first chain reaction revealed that at least two neutrons would
be emitted in each 2*°U fission. Furthermore, theory indicated that the
v for 233U should not differ much from that for 23Pu. This system of
assumptions had to be checked.

By mid-July, Wilson’s group had brought the transplanted Harvard
cyclotron into operation and was planning its measurement of v. Several
v measurements for 2*9Pu were also under way at the “long tank,” the
larger of the two Van de Graaffs transported from Wisconsin. What the
group actually measured was the ratio of v for 2*?Pu to the v for 2*°U. As
explained in a 1947 report, such comparative measurements were simpler
than absolute determinations, “because an ordinary neutron counter
may be used in detecting the neutrons from both substances and the
efficiency of the counter cancels out in the comparison.”3!

The first physics experiment actually conducted at Los Alamos was a
measurement of v for 23°Pu, carried out by the electrostatic generator
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Fig. 5.1. Robert Wilson, experimental physicist, replaced Bacher as head
of the experimental physics division, after the summer 1945 reorganization of
the laboratory. LA Photo, LAT 646.

group. After heated negotiations with the Met Lab, which needed 2*°Pu
for their investigations into plutonium chemistry, 165 pg, an “almost in-
visible speck,” of the precious cyclotron-produced substance was sent
from the Met Lab, arriving at Los Alamos on 10 July. Wahl prepared
the necessary 2*°Pu foil, losing a mere 17.6 ug of 2*°Pu in the process,
and passed it on to Williams. Williams and others in the Van de Graaff
group then bombarded the 23°Pu foil and a 233U foil with Li (p,n) neu-
trons that had been slowed in paraffin. They detected the number of
emitted neutrons by measuring proton recoils in a chamber surrounding
the fissionable material. The result, reported to the Governing Board on
15 July by Robert Bacher, was that v for 23°Pu was 2.64 + 0.2, about
1.20 times greater than that for 2**U.32 To confirm this heartening re-
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sult, a second v measurement, using the same neutron source, detected
fast-fission neutrons by counting fissions induced in a thorium foil. By
August they knew that 23°Pu produced 1.27 + 0.12 times as many neu-
trons per fission as did 233U. The proton recoil chamber with the short
tank measured a ratio of 1.16 % 0.13.3% The assumption that >**Pu was
at least as good an emitter of neutrons as uranium had been proven.

In the meantime, Wilson went ahead with his plan to measure v with
the cyclotron. As Oppenheimer succinctly explained in his letter of
3 August to Arthur Compton, Wilson compared for 23°Pu and ?3°U,
“the coincidences per fission between fissions and recoils produced in a
paraffin lined chamber.” Neutrons from a graphite pile irradiated by
the cyclotron beam, in turn, irradiated the samples placed on a thin
cylinder, the inner wall of the fission counter as well as the outer wall
of the recoil counter. At the April meetings, Wilson, who was only
twenty-nine when he came to head the cyclotron group at Los Alamos,
had vehemently argued the superiority of his method with older, more
experienced physicists. They felt the method would be too difficult
to implement, because it required tricky improvements to circuits and
counters. Although Wilson’s experiment was not officially endorsed, he
insisted on mounting it anyway, referring to it as the “sub rosa” 2*°Pu
v measurement in the 15 July progress report. When the small portion
of 239Pu arrived, he was able to get a turn at using it.>* Although
equipment problems prevented Wilson from providing reliable results
in the summer of 1943, by August the method had won the respect
of Oppenheimer, who told Compton about its “considerable promise.”
He noted that the experiment was “independent of any assay of the
quantities of 49 and 25 involved,” and gave “an overall count of the
fission spectrum which is much less selective for high energy neutrons
than the other methods.” Although not completely reliable, this method
also indicated that “the number of neutrons emitted by the two materials
per fission are about the same, with no significant evidence that one is
greater than the other.”

In the summer of 1943, Los Alamos developed the necessary equip-
ment for the experiments on neutron delay. The results were ready by
the fall. As with v, neutron delay was measured in several different ways.
Charles Baker’s method, an extension of the work at Cornell using the
high speed of fission fragments to measure the neutron emission time,
had the highest priority. A 23°U foil, wrapped around a cylindrical,
paraffin-lined neutron detector capable of detecting only fast neutrons,
was placed in a larger chamber and irradiated with thermal neutrons.

>
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Part of the fragments traveled freely when the chamber was evacuated,
while almost all of the fragments were stopped near the counter when
the chamber was filled with propane. The cyclotron group reasoned that
the number of neutrons reaching the central counter would be less, with
the chamber evacuated, if a significant number of neutrons were emitted
later than 107°, because of the adverse change in geometry caused by
the motion of the fission fragments.3®

The Cornell velocity separator, when first assembled at Los Alamos,
could not make the necessary measurements owing to background prob-
lems in the detectors. By the end of the summer, however, promising
measurements had been made with natural uranium samples.*®

The measurements of v and the neutron emission delay, although not
entirely conclusive, served their purpose. As “insurance policies,” they
were meant to indicate that no problem existed, and they did that job.
They would be repeated during later months of the project and not once
indicated that the size of v or the time delay would cause the project to
fail.

A side issue at the time was the Super, which had received consider-
able thought but was officially sanctioned only for part-time work by a
few theorists and their helpers, and for experimental study by Earl A.
Long, a chemist from the University of Missouri, who set up a cryogenic
laboratory and studied the liquefaction of deuterium. Other work was
farmed out to Ohio State University, which accepted a subcontract to
investigate the properties of liquid deuterium.®’

The Gun Assembly Program: April-September 1943

The gun gadget offered a sense of security to the laboratory because of its
perceived simplicity. Devoid of the technical complexities of implosion,
the gun offered scientists an excellent chance to develop an atomic bomb
in time to help with the war effort and fulfill the laboratory’s mission to
build a bomb.3® Research on the gun method consisted of experiments
on the firing range, reduced scale testing, interior ballistics work, and
testing of sabots (wrappers for artillery shells that permitted launching
a shell smaller than the bore of a gun).

As the laboratory began operations, Oppenheimer and Tolman con-
sidered the ordnance problems associated with the gun, and by 15 March
had a tentative program in mind. Ordnance research and development
could be postponed no longer, because it was “one of the most urgent
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of our outstanding problems.” They had settled certain specifications,
but no one knew whether these were practical. Although Oppenheimer
believed that the actual gun should not be built at Los Alamos, he did
think that firing tests of the projectile should be done on the Hill, in
collaboration with the “other workers on the project.” The best ar-
rangement would have several experienced ordnance men assigned to
the project, to work with physicists “of the proper background.” If that
could not be arranged, Oppenheimer would settle for having some men
from Los Alamos sent to work with ordnance experts elsewhere for a
few months and then transfered back to Los Alamos to do the rest of
the work. Oppenheimer suggested McMillan, Donald Kerst, Charles
Critchfield, and Robert Cornog for such an assignment, because they
had either an engineering background or specific training in the desired
area.

Meanwhile, Tolman, acting as the unofficial ordnance leader in Wash-
ington, D.C., arranged for the services of NDRC ordnance expert, E.
L. Rose, head gun designer of the Jones and Lamson Machine Com-
pany. Tolman recognized that the engineers and physicists would have
to confer on the problems, and he tried to arrange a meeting between
Oppenheimer’s “ordnance physicists” and Rose in Washington. Real-
izing that meetings between engineers and ordnance physicists would
not be enough, however, Tolman wrote to Oppenheimer on 29 March,
asking that Rose be put in touch with one of the theoretical physicists, ei-
ther Serber or perhaps Oppenheimer himself, because information about
“critical masses, case masses, probabilities of predetonation, etc.,” was
essential for determining the basic properties of the gun. Tolman also
wanted physicists from the National Bureau of Standards to work on the
ordnance problems, namely Neddermeyer, John Streib, and Critchfield,
all of whom would shortly transfer to Los Alamos. Failing that, he again
asked Serber to come and visit.3? Critchfield visited during the period
from 21 to 23 May 1943 and discussed ways to reduce the weight of the
guns. The reason that standard military guns were so heavy - to keep
them from bursting under the pressure created by repeated firings — was
of little consequence to Los Alamos.*°

April and May 1943 were months of uncertainty for the gun program.
Tolman, and particularly Oppenheimer, continually took the lead in
defining and describing the ordnance problems. Although the scientists
had a general knowledge of guns and ballistics, they were uncertain
about the specific properties of the gun’s nuclear materials and not at
all sure what the final product would look like. The neutron-reflecting
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properties of steel used in gun barrels also had to be determined; if the
gun barrel would serve to keep the neutrons in, then the critical mass in
the gun barrel would be less.

Because light element impurities in plutonium produced copious neu-
trons, as noted by Glenn Seaborg in 1942, uranium would be easier to
assemble without predetonation than plutonium. The plutonium would
either have to be purified far beyond current capabilities or fired at a
higher velocity than presently attainable, so that the greater number
of stray nentrons would have less time to detonate the weapon prema-
turely. Because plutonium has a smaller critical mass than 23°U, the
projectile would not be as large, but higher speed would be needed,
which would make it hard to keep the projectile and target together
after impact. According to Oppenheimer, the question was whether to
“develop a detonation method adjusted for the 25 gadget or to solve
at the same time the problems connected with the 49 gadget.” The
laboratory expected enough 223U for a bomb or two to be ready first,
but believed that 2**Pu would arrive at a much higher rate once the
production problems had been solved.

After the April conference, Tolman and Rose continued their ordnance
work, Tolman concentrating on theoretical problems of internal, exter-
nal, and terminal ballistics, and Rose dealing with gun construction and
the basic gun barrel parameters of stress and weight. In his presentation
at the conference, Tolman expanded the conventional definition of inte-
rior, exterior, and terminal ballistics to include the physical makeup of
the gun, because in the weapon design the barrel and projectile were far
from standard ordnance. Interior ballistics ~ the science of the combus-
tion of powder, development of pressure, and movement of a projectile
in the bore of a gun — had to include gun barrel design because the Los
Alamos guns would only be used once. Exterior ballistics — the science
of projectile behavior after leaving the gun muzzle - now included the
problem of geiting the projectile into the target and venting the gases
ahead of it. Terminal ballistics — the science of projectile impact — now
included the problem of a uranium projectile hitting a target of whatever
shape and material. Rose developed formulas for calculating the maxi-
mum stress the gun could withstand and the weight of the gun. With
this information, the scientists could design guns to meet the special
requirements of an atomic bomb.

During the first months of the project, the ordnance work on the
nuclear gun had to move forward in the absence of hard experimental
data. Oppenheimer led the activity himself. As he explained to Rose
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on 17 May, “At the present time our estimates are so ill founded that I
think it better for me to take responsibility for putting them forward.”
He put forth a number of models that he believed would span the range
of possible gun types.*! Only after the arrival of Navy Capt. William
Parsons, an ordnance expert, could Oppenheimer delegate much of the
responsibility for the development of the gun gadget.

The key people recruited for the gun project were Parsons, McMil-
lan, Critchfield, and Joseph Hirschfelder. These four were responsible
for bridging the gap between theory and practice and for laying the
groundwork that would enable their successors to bring the gun model
to combat readiness. Parsons, at the suggestion of OSRD chief Bush,
became the first Ordnance Division leader in June 1943. His first re-
sponsibilities were to staff the division and see to the construction of
laboratories, machine shops, and firing ranges. Parsons also became the
laboratory’s liaison with the Navy Department’s Bureau of Ordnance,
directing the procurement of all special guns.*?

McMillan had had recruitment and procurement responsibilities at
Los Alamos; he recruited Wilson and Feynman, scoured the country
for a good cyclotron, and ordered machine tools. Once the laboratory
was operating, McMillan performed similar tasks to establish the main
ordnance test area, Anchor Ranch. Under Parsons, he became deputy
for the gun and eventually assumed the chair of the Steering Committee
for the Gun.*

Critchfield had worked on sabots before coming to Los Alamos.** Be-
cause Oppenheimer believed that the projectile critical masses would
need sabots, he considered Critchfield vital to the gun effort. Trained as
a mathematical physicist, but also adept at ordnance experimentation,
Critchfield was an ideal choice to translate gun concepts into experimen-
tal models. His contributions to the early gun program exemplify the
merging of science and engineering that building the atomic bomb relied
on. He became leader of the Target, Projectile, and Source Group, E-4,
directing résearch on the design of gun targets, projectiles, sabots, strip-
pers, and modulated initiators. Under his leadership, E-4 explored the
fundamentals of blind targets and developed the impact-absorbing anvil
and the capsule-type modulated initiator. Drawing on his practical ex-
perience, Critchfield instituted preliminary tests at reduced scale in the
early gun program. Full-size gun tubes took approximately six months
to design and produce, but 3-inch naval guns and 20-mm antiaircraft
guns were readily available in large quantities. Using them saved much
time during routine testing. In addition, reduced targets and projectile
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Fig. 5.2. Eric R. Jette, head of uranium and plutonium metallurgy and
Charles Critchfield, initiator group leader, converse with laboratory director
J. Robert Oppenheimer at a part held at the Big House. LA Photo, LAT 446.

shapes were easier and cheaper to produce; thereafter only the most
promising designs needed to be tested at full scale.*®

Because the project’s success would hinge on the success of the gun, an
interior ballistician was indispensable. Hirschfelder, who began working
for the NDRC in 1942, helped make the science of internal ballistics
“compatible with the laws of physics — all previous systems were semi-
empirical.” The new system included the “heat transfer from the powder
gas to the bore of the gun,” making the theory generally applicable to
high powered rifles (not to mention atomic guns), as well as to large
naval cannon.*® Hirschfelder’s work came to the attention of Tolman,
who brought him into the project.
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Fig. 5.3. Implosion-like shooting arrangement suggested in Serber’s indoc-
trination lectures. High explosive blows pieces of material mounted on a ring
inward. From Serber, The Los Alamos Primer, p. 59.

The Implosion Program: April-September 1943

Serber and Tolman’s early ideas about implosion were discussed at Los
Alamos before the April conference, but it is doubtful that any concrete
program would have resulted if Neddermeyer had not taken a confident
stance on creating an implosion program at the laboratory. The Plan-
ning Board discussed the idea on 30 March and 2 April 1943. At the first
meeting, the board supported “the idea of an arrangement in which the
material has a hollow case and blows inward to retain its concentration
above the critical limit.” By the end of the second meeting, they had de-
cided that theoreticians under Serber should concentrate on an analysis
of “the Introvert,” apparently a reference to an implosion device.*”
Serber mentioned the implosion idea to the Los Alamos scientists sev-
eral days later, at the end of his indoctrination lectures in a comment on
“shooting” geared to gun methods. Serber’s presentation of the Tolman—
Serber concept may have stimulated the enthusiastic implosion sugges-
tions then made by Neddermeyer, who was in the audience. In the period
between Serber’s lectures and the April conference, Neddermeyer carried
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out preliminary calculations on the velocities that would be reached in
an implosion of spherical shells.

He presented these calculations on 28 April, in discussions following
either the session “Organization of Ordnance Development,” chaired by
Oppenheimer, or the session “Design of Gadget,” chaired by McMillan.*®
As Neddermeyer explained, the implosion method could achieve higher
assembly velocities than could the gun. The novel element distinguish-
ing Neddermeyer’s proposal from the earlier one by Serber and Tolman
was that of assembling by means of the plastic deformation of a hollow
spherical shell, rather than by shooting pieces of fissionable material to-
gether. Such plastic deformation seemed easily obtainable with the great
forces of the detonation waves emerging from the high explosive. Ned-
dermeyer’s suggestion that implosion was “worth investigating further”
represents the beginning of this Los Alamos program.

Because of the threat of predetonation owing to light element impu-
rities, Project Y scientists immediately recognized the importance that
greater assembly speed would have in assembling plutonium.*® Thus,
“on an exploratory basis,” Oppenheimer established a small implosion
program under Neddermeyer, on South Mesa, several miles from the
main technical area.’® By June 1943, this effort had become group E-5,
which worked on implosion experimentation within E-Division, headed
by Parsons. Neddermeyer was assisted informally by Hugh Bradner,
John Streib, and Critchfield. However, because the gun method was
expected to succeed in assembling both the uranium and plutonium
weapons, the new small implosion effort was given low priority within
the laboratory; it was viewed as a program to fall back on should unex-
pected problems arise in developing the gun. Neddermeyer was the only
firm proponent of implosion at this time.5!

The skepticism surrounding implosion in this period is evident in the
assessment by L. T. E. Thompson, of the Lukas-Harold Corporation
Naval Ordnance Plant in Indianapolis. Thomson was a close acquain-
tance of Parsons and a frequent visitor and consultant to Los Alamos.
Neddermeyer discussed the implosion work with Thompson on 18 June,
during the latter’s first visit to Los Alamos. After returning home,
Thompson wrote Neddermeyer that he doubted that a spherical implo-
sion could ever remain sufficiently symmetric. “There is a fundamental
difficulty ... the system is completely unstable and once the collapse
is underway I believe it will continue to flatten.”5? Thompson also ex-
pressed himself bluntly to Oppenheimer two days later. “A spherical
shell under high external pressure ... should begin to collapse ... in
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?%3 Ensuring

about the manner of a dead tennis ball hit with a hammer.
a symmetric collapse would in fact turn out to be the greatest challenge
in the implosion program.

Imploding a metal shell symmetrically required precision in the use
of high explosives, an almost unexplored concept in 1943. To become
familiar with forefront research on explosives, Neddermeyer and McMil-
lan visited in May the principal American explosives research program.
The NDRC Explosives Research Laboratory (ERL) had been established
early in 1941 at Bruceton, Pennsylvania, near Pittsburgh, on the grounds
of the Bureau of Mines experiment station. George Kistiakowsky of Har-
vard, the head of this Bruceton program, recalled later that on this visit
his staff made the “first implosion charges” for the visitors, who “went
away rather pleased with themselves and with us.”®* McMillan recalls
running “some experiments with cylindrical implosions ... (using an
iron) pipe and making some explosives in a shell around it.” Ignition
of the explosives wrapped around the pipe “at a few points” set up a
convergent wave and one could see clearly that “the pipe had closed in.”
These experiments demonstrated that one could actually “drive matter
in.”%% ,

The early Los Alamos implosion research was remarkably crude. It
was carried out in an arroyo on South Mesa.’® The first test, using
tamped TNT surrounding hollow steel cylinders, was made on the Fourth
of July (!) 1943, with Parsons attending. The team centered a piece of
steel pipe in a larger piece of stove pipe, and after packing granular TNT
into the annular space between the pipes, detonated the implosion us-
ing Primacord. Other versions of the experiment used powdered TNT
and plastic explosive to squash mild steel pipes into solid bars.®” Using
the “Edison approach” (Chapter 1), Neddermeyer’s group repeated this
basic experiment many times, varying all the parameters - the explo-
sive arrangement, size of the pipes, and nature of the explosives. The
experimental data to be analyzed consisted of a motley collection of
bashed-in pipes. These data were subjected to a primitive version of
the analysis, which would later in the program be referred to as “ter-
minal observations.”
imploded material after the test shots.

Summarizing the implosion experiments done in July and August,

The method centered on studying the remains of

Neddermeyer wrote in one of the earliest technical Los Alamos reports:
in tests

which were of necessity done with meager equipment, the aim has
been first to observe the main features of the phenomena when



Research in the First Months of Project Y 89

INCHLS

Fig. 5.4. Data from one of Seth Neddermeyer’s earliest implosion tests.

The center ring is an untested cross section of the carbon steel tubing used in
the experiment. From LA Report 18, August 9, 1943.

metal shells undergo extreme and rapid plastic flow under exter-
nal pressure, and to make an empirical determination of the re-
lation between collapse ratio and mass ratio. These experiments
are being followed by observations of the velocities and times of
collapse, for which several direct methods have been devised.

To cast the needed high explosive for these experiments, E-Division
erected a small casting plant at Anchor Ranch. In this early period,
Neddermeyer also developed an approximate one-dimensional theoreti-
cal model for the implosion process, obtaining for the terminal velocity
v of a metal projectile, the expression

mMe 211,0

= TFmem’
where m./m is the ratio of the mass of explosive to mass of projectile
and ug is the initial internal energy per unit mass of the exploded gas.
Calculations of the collapse ratio of a cylinder as a function of the mass
ratio of explosive and cylinder agreed only roughly with the data.’®

Although Neddermeyer’s early work on implosion appears crude in the
light of subsequent studies, this first phase in the program exposed many
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of the difficulties that would plague the Los Alamos Laboratory over the
next two years. This small exploratory effort was an attempt to accom-
plish over several months all the experimental, theoretical, and explo-
sives work that would later be conducted strenuously by the coordinated
efforts of several hundred staff members in X-, G-, and T-Divisions. By
being “misleadingly hopeful,” Neddermeyer’s early implosion work set
Los Alamos on the road toward its major success, achieved two years
later.®



6

Creating a Wartime Community:
September 1943 to August 1944

The first months on the mesa required drastic adjustments — to Oppen-
heimer’s style of scientific leadership, to Groves’s close administration
of the town, and to the unusual partnership between scientists and the
military. The laboratory grew more rapidly than anticipated because
in the early months of the project Oppenheimer and Warren K. Lewis’s
advisory committee recognized that a scientific community of some 100
scientists was too small to cope with the complexities of producing an
atomic bomb. Broadening the laboratory mission, as the Lewis Com-
mittee recommended, implied the absorption of new subcommunities,
including the Army Special Engineer Detachment (SED) and the British
Mission.!

Life in wartime Los Alamos was abnormal in almost every respect,
but the townspeople strived toward normalcy in their everyday lives,
meeting their practical concerns about food, shelter, amusement, and
schools with a spirit of adventure. The spartan simplicity and transience
of housing and the lack of many community services often turned daily
life into a struggle. But as Kathleen Mark reflected, “When one considers
that we lived ... closely packed together — aware of every detail of our
neighbor’s lives — even to what they were having for dinner every night
— one can’t help but marvel that we enjoyed each other so much.”? The

* This chapter is based on a draft by Paul Henriksen. We thank Alison Kerr for
extensive editorial contributions.
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residents worked and also played hard in the isolated military community
to which they were restricted.

The Laboratory
Organtzation and Recruitment

Oppenheimer organized the laboratory, which he administered together
with Edward Condon, into five divisions. Except for Administration
(A), these divisions corresponded to broad technical areas: Theory (T),
Experimental Physics (P), Chemistry (C) (later Chemistry and Metal-
lurgy [CM]), and Ordnance and Engineering (E). Col. J. M. Harman was
responsible for the military command of the post. Two committees, the
Coordinating Council and the Planning Board, assisted Oppenheimer;
the former facilitated communication among division and group leaders,
while the latter, which in time gave way to the Governing Board, helped
with organization.

Groves and Oppenheimer collaborated in defining the structure of
the laboratory. Groves, the post commander and the director of secu-
rity, controlled town operation and security, and Oppenheimer directed
the scientific work. With a talent for assimilating and prioritizing in-
formation from a wide range of disciplines, Oppenheimer was able to
coordinate decision making so that a wide range of scientists and mil-
itary personnel were able to exchange information. Oppenheimer and
the post commanders shared responsibility for gathering and organizing
the personnel and hardware to build bombs.

The scientists and the military both suffered from the juxtaposition of
their different traditions. Just as the scientists did not see the purpose
of rank and orders, the military could not understand why compart-
mentalized security was so onerous to the scientists. The fact that Los
Alamos had three post commanders in its 2.5 wartime years attests to
the frustrations of the joint military and scientific administration of the
laboratory and the town of Los Alamos.

Recruitment, although extremely successful, was difficult and time-
consuming. Continuing Oppenheimer’s practice of inviting students
and acquaintances to join the staff, the uncoordinated, and sometimes
overzealous, approach of the group and division leaders prompted James
Conant to criticize Oppenheimer for the fervor of his recruiting efforts.?
Oppenheimer acknowledged that it was inevitable his staff would ap-
proach some people without going through the proper channels.* Af-
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ter June 1943, the recruiting efforts were better coordinated; A. L.
Hughes, chairman of the department of physics at Washington Univer-
sity, was hired to oversee personnel matters.> Hughes examined housing
as well as recruitment, because the scarcity of housing restricted the hir-
ing quotas.® Hiring junior-level scientific workers, machinists, and shop
workers proved as difficult as finding experienced available scientists.
Los Alamos searched for college students having three or more years of
physical science courses. A severe housing shortage in 1943 exacerbated
the situation. Since dormitory rooms were available but apartments and
other family units were not, it became important to hire single people.”

Every division of the laboratory expanded between the fall of 1943
and summer 1944. The Engineering Ordnance Division (E) grew to be-
come the largest division. T-Division, although it expanded threefold,
remained the smallest division. CM-Division multiplied as it began pu-
rification of uranium and plutonium. Administration, which had grown
enormously in the first months of Los Alamos, showed only a small in-
crease. Similarly, P-Division increased only slightly as attention shifted
from basic research to weapons development.?

As the numbers increased, staff composition changed. Until August
1943, employees in the main technical area, dubbed the “Tech Area,”
were civilians, primarily scientists and their wives. To relieve some of the
labor shortage, Groves brought in a contingent of the Women’s Army
Corps (WAC) in August 1943 and, from late 1943, a group of enlisted
personnel in the Special Engineer Detachment. By August 1944, military
personnel made up 42 percent of the laboratory.®

Administrative realignments occurred frequently during the war pe-
riod. In general, they were rapid and efficient, unhampered by indige-
nous populations, tradition, or personal interests — few group and divi-
sion leaders planned to stay at Los Alamos permanently.

Security

From the start, security was a sensitive issue. Although all workers in-
side the Tech Area were required to have a security clearance, few had
it yet when the laboratory opened, nor had the Tech Area yet been en-
closed by a fence. Oppenheimer’s early proposal that he, Condon, and
Dana Mitchell act as a security committee could not be implemented
because he and Mitchell were too busy and Condon left the laboratory
after a few months.!® Consequently, in the initial phase of the project,
many scientists were allowed access to the Tech Area while their clear-
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ances were pending. Even after the laboratory was in full operation,
many scientists (including Oppenheimer) had not been granted clear-
ance. In one of the instances in which Groves put the scientific progress
of the laboratory ahead of secrecy, he approved a scheme that allowed
several scientists, not necessarily cleared themselves, to vouch for one
of their colleagues.}! This abbreviated clearance procedure was soon
streamlined. Oppenheimer vouched for the top-ranking scientists, while
statements from three laboratory employees were sufficient to pass ju-
nior scientists and technicians. Other employees could be vouched for
by their foremen.!?

By late June 1943, Oppenheimer had clarified information dissemi-
nation policies within the laboratory. Access to written materials was
given to anyone who could work more effectively or maintain security
more easily with the information. Oral communication was not regu-
lated, but everyone was urged to think before speaking. Oppenheimer
delegated some responsibility for the dissemination of secret informa-
tion to the group and division leaders; group leaders could grant access
to specific pieces of information, whereas division leaders could grant
general access to any properly cleared individual by writing a recom-
mendation. The library maintained a list of personnel who had been
given access to all or portions of secret documents.!®

Oppenheimer tried to define the information policy more clearly in
July 1943. Scientifically trained “staff,” who had drawn a professional
salary before coming to Los Alamos or had been paid on the basis of their
academic training, as well as those who would contribute “essentially”
to developmental ideas at the laboratory, could see secret documents.
“Nonstaff” — people without scientific training, paid at an hourly or
monthly rate — could be given access to group seminars with the group
leader’s approval and could be told the overall purpose of the project if
they were completely cleared, had been with the project for two months.
and were expected to stay with the project.'*

To enhance technical communication within the laboratory, Bethe pro-
posed a weekly technical colloquium be held for those working the Tech
Area. After the Governing Board accepted this suggestion, Teller was
put in charge.!® The colloquium soon became a weekly tradition and an
integrating force in the laboratory, although Tolman and Groves com-
plained that there might be too much discussion about the whole Man-
hattan Project. Oppenheimer countered that the colloquium boosted
morale. They compromised by allowing staff members, but not nonstaff,
to attend. Even then Groves forbade discussion of engineering details at
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Fig. 6.1. Main laboratory gate. LA Photo, 76 12973.

Chicago or Oak Ridge, and of production schedules, even though such
information was vital to Los Alamos.®

Groves’s concern about security sometimes conflicted with his wish
not to waste a day in completing the bomb.!” But he also exploited
secrecy to speed progress. Norman Ramsey recalls that Groves often
took advantage of the information restrictions to play one laboratory
against another, telling each that the others were ahead.’®

The army helped enforce security by giving the more prominent mem-
bers of the Manhattan District code names for use in travel and by en-
closing the isolated site with two fences and a small number of guards.
Fermi was to be known as Henry Farmer. Niels Bohr became Nicholas
Baker, and eventually Uncle Nick at Los Alamos. Similarly, Conant
was called Uncle Jim and Tolman Uncle Richard; G. T. Seaborg, G.
T. Sutton; Leo Szilard, Leo Samuel; Eugene Wigner, Eugene Winston;
Aage Bohr, James Baker; Hans Bethe, Howard Battle; James Chadwick,
James Chaffee; Ernest O. Lawrence, Earl Lawson; J. R. Oppenheimer,
James Oberhelm; Emilio Segré, Earl Seaman; Edward Teller, Ed Tilden;
and John A. Wheeler, John Woolley.!? Still other codes were used in the
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Delivery and Trinity programs, and scientists’ spouses often provided
informal nicknames, because they could not use the terms “physicist”
or “chemist.” (Some called the physicists “fizzlers” and the chemists
“stinkers.”)?® Two gates, each staffed by a corporal and two privates,
controlled access via the only two roads. Within the site, another fence
isolated the Tech Area. The military’s jurisdiction ended officially at
this second fence; the guards (being uncleared) were forbidden to enter
unless they were escorting an uncleared civilian visitor.2! The almost be-
wildering initial system of variously shaped and colored security badges
was eventually replaced by a simpler scheme of colored badges.??

The military and laboratory administration often disagreed about the
security procedures. As post commander, Harman was responsible for
security in the military population, while Oppenheimer had jurisdiction
over security in the Tech Area. Although the scientists monitored their
own security, army officers could override this authority if they sensed
alarming violations.2® Security regulations in the community were han-
dled by the military intelligence officer, Capt. Peer de Silva, whose
actions — such as refusing to allow residents to visit friends and relatives
except in personal emergencies and requiring guns and cameras to be
stored in locked vaults — often made him unpopular.?* To help enforce
the limitation of travel to specified areas, a network of army G-2 secu-
rity men blanketed nearby towns. Groves lifted the restrictions on visits
in the fall of 1944, in hope that residents would then be more careful
about other security procedures, such as locking up documents. How-
ever, nightly patrols continued to confiscate some thirty documents a
week.25

Security infractions were common. Although typically they were sins
of forgetfulness that did not threaten the project, they were of con-
cern because the administration feared that they might lead the mil-
itary to take control of security. The job of the Security Committee
— Hawkins, Manley, and Kennedy — was to remind scientists of their
mistakes and discuss infractions at Coordinating Council meetings.?® In
August 1943, the laboratory published a security handbook, which the
Governing Board later amended into “guidelines.” After the discovery
in September 1943 that mail was being opened and resealed, apparently
by military intelligence officers, Groves decided that monitoring personal
mail was a good idea. A month later he instituted formal censorship.?”
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Fig. 6.2. One of many military inspections at Los Alamos Post. LA Photo,
LAT 598.

The SED

To meet the need for skilled technicians, Groves sought army enlisted
personnel having technical training or education. He organized them
into the SED. More than half became technicians, draftsmen, or scien-
tific assistants. By the war’s end, the first group of 39 had grown to
approximately 1,600. A few had master’s degrees or doctorates, usu-
ally in the physical sciences. In the staff hierarchy, some became junior
scientists or higher.?®

Having both technical and military duties, the SED had to negotiate
between the often conflicting scientific and military worlds, suffering
hardships of military life — inspections and drills, lack of housing for
wives and families, restrictions on travel to visit family members, slow
promotions, and the like — while working scientists’ hours.? Civilians
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Niels Bohr

Egon Bretscher
James Chadwick
Anthony P. French
Otto Frisch

Klaus Fuchs
James Hughes
Derrick Littler

Philip B. Moon
Rudolf Peierls
William J. Penney
George Placzek
Michael J. Poole
Joseph Rotblat
Herold Sheard
Tony H. R. Skyrme

Carson Mark Geoffrey I. Taylor
William G. Marley Ernest W. Titterton
Donald G. Marshall James L. Tuck

the same age were paid more for the same work without the burdens
of army regimentation. Val Fitch, a Los Alamos SED, later a Nobel
laureate in physics, recalls,

We lived in single floor barracks, roughly 60 men to a unit .. ..

We ate in an army mess hall .... We lined up each week to get

fresh linen, and once a month to get paid. Reveille came at 6 am,

and we had calisthenics from 6:30 to 7:00. We could not leave

the barracks for work on Saturday mornings until after inspection

of quarters, nominally at 8:00. We worked in ... the Tech Area

six days a week. It was the army and still it wasn’t the army

because in the Tech Area we worked alongside, and were beholden

to, civilians.3?
The SED, like Fitch and Richard Davisson, who were attracted to scien-
tific careers, enjoyed the unusual opportunity to work closely with many
of the world’s leading scientists.3! Morale improved among the SED in
August 1944, when Maj. T. O. Palmer became commanding officer of
the SED; he dropped morning reveille and calisthenics and reduced the

rigor of Saturday morning inspections.3?

The British Mission

James Chadwick (Britain’s most prominent nuclear physicist), Rudolf
Peierls (who had done some of the earliest work on the feasibility of nu-
clear weapons), and Marc Oliphant (a member of the MAUD committee;
Chapter 2) learned about the Los Alamos project in August 1943, from
Conant, Oppenheimer, and Groves. Chadwick responded to the need for
senior experimental physicists familiar with engineering, and for experts
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in hydrodynamics, by bringing to Los Alamos a group of England’s best
experimental physicists.®® The first to arrive, on 13 December 1943, were
Otto Frisch and Ernest W. Titterton. Nineteen others joined over the
next few years, forming the British Mission (see Table 6.1. for a list of
British Mission personnel). The last members, George Placzek and Car-
son Mark, came to Los Alamos in May 1945 from Canada. Four members
of the mission became group leaders: Egon Bretscher (Super Experimen-
tation), Frisch (Critical Assemblies and Nuclear Specifications), Peierls
(Implosion Hydrodynamics), and Placzek (Composite Weapon).

The most senior members were the Nobel laureates, Chadwick (for
discovery of the neutron) — and Niels Bohr (for his theories of the atom).
As leader of the Mission, Chadwick was the only Briton informed about
the entire Manhattan Project. Bohr joined the British Tube Alloys
Project after being flown to Britain following his escape to Sweden from
Denmark. As the grand old man of atomic physics, Bohr’s occasional
presence at Los Alamos was comforting to the other scientists, for whom
he sometimes served as a sounding board.3*

Working Women

Labor was constantly scarce at Los Alamos, because the facilities could
support only a limited number of employees, and security was threatened
by hiring workers who lived off site. Consequently many scientists’ wives
were pressed into service; approximately 60 wives were at work in the
Technical Area in September 1943. The number increased gradually.®®
By October 1944, approximately 200 (30 percent) of the 670 civilian
employees of the laboratory, hospital, and school system were women.3®
About 66 percent of them worked for the administration; the rest were
scattered among the other divisions. Many women who intended to
work part-time found they could not refuse extra work or leave their
jobs before the end of the day.?7

A few women held scientific positions. For example, Lilli Hornig,
working toward her Ph.D. in chemistry, found challenging employment
in plutonium chemistry, as did Mary Nachtrieb. When plutonium pu-
rification efforts were curtailed in August 1944, Hornig worked on the
development of explosive lenses.?® Charlotte Serber organized and ad-
ministered the laboratory’s scientific and technical library. (The report
Library she created is still in existence today.) A whole team of women,
including Beatrice Langer, helped with numerical calculations in Group
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T-5 (Computations), headed by Donald Flanders, who became known
as “Moll” Flanders.?®

Other women assumed responsibility for administrative activities. For
example, Rose Bethe and Ruth Marshak (who also taught third grade)
handled duties of the housing office. Alice Kimball Smith served on
the Town Council. And Shirley Barnett, who came as an army wife,
became one of Oppenheimer’s secretaries. Still other women taught
in the schools, and many raised their children, attempting to keep a
semblance of order and a reasonably fulfilling family life in an often
chaotic community.

Perhaps the most admired of the project women was Dorothy Mec-
Kibben, the laboratory’s unofficial hostess. McKibben, who lived in
Santa Fe, was responsible for meeting newcomers to Los Alamos and ar-
ranging transportation to “the Hill.” During the war, particularly under
the veil of secrecy, travel to Santa Fe was extremely tiring. McKibben’s
office at 109 East Palace became a haven for tired travelers. In addi-
tion, McKibben, who became a close friend of many laboratory scientists
and their families, offered her house for weddings. Secrecy made formal
ceremonies impossible.

Laboratory Construction and Shops

Between September and November 1943, Sundt crews constructed build-
ings that expanded the number of square feet of laboratory and office
space from 55,000 to 125,000.%° The laboratory also expanded outside
the main Tech Area during the fall of 1943 and throughout 1944. By
the end of June 1945, 40 percent of the laboratory buildings were in the
outlying sites. One of the largest installations was S-Site, for explosive
lens casting and other high explosive work.*!

The growth of the laboratory intensified the need for shop facilities to
produce items such as metal vacuum systems and ionization chambers.
The original shop, designated V Shop, also handled such unusual assign-
ments as welding thin stainless steel into envelopes and machining and
grinding tungsten carbide.*? The volume of work increased throughout
1943 and 1944 to approximately 10,000 man-hours per month, nearly
double the original load the shop was designed to support.?® After the
Lewis Committee’s report, a second shop facility, designated C Shop,
was planned and completed in October 1943 to take over some of the
demand for shop services.** The administration combined the two shops
under the management of V Shop leaders Earl Long and Gus Schultz
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on 14 August 1944.*° Finding shop workers who were both experienced
and willing to postpone their start of work for four to eight weeks while
waiting for clearance was difficult.*® The War Manpower Commission
forbade routine recruiting outside New Mexico. Some of the positions
were filled by SED. The output of both shops was increased by adding
a third shift in January 1945.47

The Town

The Los Alamos community — with its security guards, barbed wire
fence, and cadre of military personnel — hardly resembled a typical Amer-
ican small town. The population was initially quite homogeneous; most
residents were in their twenties or thirties, healthy, and middle-class.
People dressed similarly. No one was unemployed. The community
structure began to change somewhat with the arrival of the SED, ma-
chinists, draftsmen, and technicians.

Remarkably, the members of this special community felt strong bonds
of camaraderie even under the stress of the war and the duress of coex-
istence between the military and the scientists. The common patriotic
objective, the condition of physical isolation, and the shared sense of
adventure all helped to unite the community. Individual differences in
background or status were often unnoticed. Security restrictions for-
bade anyone to be called a physicist or chemist; the military viewed all
technical personnel as engineers.

This unusual aspect of the society extended to the physical facilities.
Streets were unnamed, houses unnumbered, and apartment buildings
looked alike, as did dormitories, duplexes, hutments, and trailers. Al-
though constant construction changed the detailed features of the town
almost daily, the picture remained the same, for the rapidly constructed
new buildings tended to resemble those already in place. All were in-
tended to serve only for the duration of the wartime project.

Housing

Because of construction delays and early scheduling problems, new hous-
ing was not available when the first employees arrived. Thus they were
put temporarily in one of the few Ranch School buildings or in one of
the small dude ranches in the Los Alamos vicinity.*®

Among the original Ranch School buildings were the only distinctive
houses on the mesa, a number of stone and log cabins that had been built
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Fig. 6.3. Los Alamos Living. LA Photo, 6733.

as residences for married teachers. Known as “Bathtub Row,” these were
relatively spacious, with large fireplaces, the name-sake bathtubs, and
excellent views of the surrounding mountains. The base commander,
Oppenheimer, Parsons, and a few other top-level scientists were assigned
to them. Several of the larger Ranch School buildings were used as
dormitories.

The other family homes in the town were built during three large con-
struction efforts, each known by the name of their contractor (Sundt,
McKee, or Morgan), and several smaller ones. The Sundt and Mc-
Kee companies built the first round of new apartment buildings. Ten-
ementlike in appearance, these were duplexes or quadruplexes, with ei-
ther wood, tar paper, or asbestos exteriors.?’ They were equipped with
fireplaces.®® Eventually, 334 Sundt and McKee apartments were built in
Los Alamos.®! With more personnel expected after the Lewis commit-
tee’s recommendation in May 1943 to expand research, Groves approved



Creating a Wartime Community 103

housing for 320 new employees. While these houses were being built, the
neighboring ranches and lodges were used again.52

Rents were determined by a military policy based on the salary of the
head of the household; they were independent of the size or quality of
the house. Rents ranged from 7 percent of monthly income for people at
the low end of the salary scale to a maximum of 13 percent for those in
the upper middle-income bracket making $6,000 per year.>® The Town
Council later forced a reduction in rents to make some allowance for
the type of dwelling, so that, for example, the rent for dormitory rooms
would be lower than that for houses.

By August, no more family housing was available, and the Govern-
ing Board estimated that the scheduled housing would be roughly half
of that needed. The Governing Board directed Hughes, the personnel
manager, to urge all new employees not to bring their families and to
ask peopleﬂliving in oversize houses to take in people living in the Big
House or dormitories. For reasons of security and transportation, they
wanted to discontinue using the ranches. Some living in apartments
had to be evicted to accommodate “essential” employees, such as power
plant operators.>*

With the completion of the Sundt apartments in mid-October 1943,
the housing shortage eased temporarily. But continuing requests for staff
increases meant that the present housing would soon be inadequate.®®
Groves urged the post administration crews to complete additional nec-
essary housing to avoid having to hire outsiders.’® In November 1943,
with twenty-eight vacant unassigned houses, the administration felt that
100 additional apartments would be needed. Oppenheimer and the Gov-
erning Board discussed moving people around to make optimum use of
existing housing.®” In January 1944, a new housing project was begun
by J. E. Morgan and Sons of El Paso.’® The “Morgan duplexes” marked
the nadir of Los Alamos house design, according to one observer.*® They
were ready in two months and improved the housing situation, but only
temporarily.

In May 1944, Oppenheimer reopened Frijoles Lodge for overflow hous-
ing and the Governing Board held lengthy discussions on how to make
better use of the housing. The board even considered how many children
should sleep in one room.®® When only dormitory rooms were available,
the board thought of trying to hire only single people.®’ The housing
problems of spring 1944 led Groves in June to authorize further new
housing construction by the McKee company, which had worked on some
buildings for the Tech Area and on an earlier set of apartments of the



104 Critical Assembly

Sundt design.®? Frijoles Lodge continued to operate from mid-July to 5
August 1944, by which time the first McKee houses were ready.®®

Health Hazards

Life was not safe for those who worked in the Tech Area or at one of
the remote sites. High explosives could detonate unexpectedly or cause
skin rashes. High voltages, large currents, and toxic chemicals were com-
monly encountered in routine work. During the war, with its continual
atmosphere of crisis, there was little time to worry about contaminated
waste. Certainly Oppenheimer and his staff practiced safety and were
concerned about the health of all employees. However, there was not
a full understanding of the effects of contaminated waste or the abil-
ity to know fully how to treat such waste. Radiation from the Water
Boiler, the accelerators, or radioactive substances was another danger.
Plutonium and polonium emitted ionizing radiation, and uranium was a
chemical poison. However, during the first year little fissionable material
existed at Los Alamos.

Aware of the danger from radiation, Oppenheimer specified that all
staff should have blood tests before there were “any extra neutrons on
the Hill.”®¢ To oversee health concerns, he recruited Louis Hempelmann,
M.D., from the Malinckrodt Institute of Radiology at Washington Uni-
versity in St. Louis.®® He arrived on 24 March 1943. Hempelmann bore
responsibility for the safety of all technical operations and for directing
the Health Group.%®

The Health Group consisted mainly of hematology technicians who
recorded radiation exposures and monitored potentially dangerous ar-
eas. The group was also responsible during 1943 for defining safe expo-
sures to radiation hazards and establishing safe operating procedures.®”
Keeping track of individual exposure proved difficult, for no one knew
the size of a dangerous dose, how much radiation had been absorbed,
or how to tell if a large dose had been absorbed. They tried to assess
bodily damage from radiation by examining the number of white blood
cells, but researchers did not know how much variation in the white cell
count was normal, and without records taken over a long period of time,
the Health Group could not distinguish whether an employee with a low
white cell count had a normally low count or a count made low by ra-
diation exposure. To evaluate the situation, the Health Group implored
every potentially endangered individual to supply the group with regu-
lar urine samples. However the recordkeeping was complicated both by
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the inadequate number of instruments for measuring radiation dosages
and the fact that radiation monitoring devices were a new technology.
Film badges and pocket ionization chambers could not reliably record
small amounts of radiation.®®

The arrival of appreciable quantities of plutonium in February 1944
posed a new challenge for the Health Group. Because the element had
been discovered so recently, little was known about its physical dangers.
Plutonium. was believed to be like radium in its effects on the body,
but no one knew what risks lay in being exposed to small doses over a
number of months. Because plutonium was scarce, little was available for
medical experiments. A portion of the first precious gram of plutonium
produced at the Met Lab was sent to Berkeley for tests on rats, but the
amount was inadequate for all the necessary tests. Hempelmann derived
his estimate of a harmful dose of plutonium radiation by comparing
its activity with that of radium and applying the data that had been
compiled on radium’s effects on radium dial painters.®® In January 1944,
the potentially harmful dose was fixed at two micrograms, but a month
later, the limit was cut to one microgram.”®

During much of the time that plutonium was available at Los Alamos
in large quantities, only crude tests were performed to detect overex-
posure. The Health Group made “nose counts” by wiping the inside
of workers’ nostrils with filter paper and examining the a activity of
the paper with a stationary counter. Nose counts continued to be the
routine method of testing.”

Oppenheimer believed that other parts of the Manhattan Project
should address the problem of detecting plutonium contamination. He
was opposed to such research at Los Alamos, because of the expense
of bringing in additional workers from the outside and providing them
with services and housing.”? By August 1944, it was clear that such re-
search was not going to be performed outside, and Oppenheimer and
Groves established a small Los Alamos program for detecting pluto-
nium contamination. By January 1945, Wright Langham, an analytical
chemist in CM-Division, had developed a precise method for detecting
the presence of 10™* g of plutonium in one day’s output of urine. But a
contamination-free place to do the testing was not ready.

Testing equipment was hard to acquire and often too insensitive for the
monitoring tasks. The Chicago Instrument Group, a branch of the Met
Lab, could not supply as many meters as were needed by Los Alamos.
Plutonium a emissions could not be measured by the available ionization
chambers, because they were insensitive to the soft a particles given off
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by the plutonium. The more sensitive alpha air counter was unsatisfac-
tory as an all-purpose monitor, since it could not be taken to the sites.
To try to fill the void, the Chicago Instrument Group developed portable
(but still insufficiently sensitive) « particle counters, the “Pluto” coun-
ters. The Health Group continued to wipe surfaces with oiled filter paper
and to measure the activity of the paper with stationary counters. In
an effort to help, Darol Froman and electronics expert Richard J. Watts
began building Pluto counters. Watts’s group also developed a methane-
filled, thin-windowed proportional counter to monitor the contamination
of the hands of workers leaving buildings. Still inadequate, this monitor
was all that was available until December 1944, when Chicago and Oak
Ridge developed better counters.

The Health Group’s greatest problem was a shortage of personnel; its
initial staff of seven did not grow in step with the rest of the laboratory.
For six weeks during the summer of 1944, the group had no clerical
help to keep records on exposures and blood counts. They had difficulty
keeping track of all possible hazardous experiments at Los Alamos.™
The problem was multiplied by the fact that individuals in potentially
hazardous environments often failed to keep their exposure and blood
records current, or to advise the Health Group when they planned to do
dangerous experiments.”*

The Town Council

An advisory body called the Los Alamos Town Council gave the towns-
people a voice in how their community was administered.”® At the first
council meeting, held on 1 April 1943, delegates appointed by the scien-
tists hoped to discuss a variety of practical issues with the post officials,
but because of a breakdown in communication, post personnel did not
attend.”® Since many felt that such a group should be elected rather than
appointed, the next meeting on 7 May called for the election of a new
council.”” All permanent employees of the laboratory were allowed to
nominate candidates, and an election was held. The first elected council
consisted of Robert Wilson (chairman), William Dennes (one of Op-
penheimer’s two administrative aides), Benjamin Diven, Helen Stokes,
and William Schafer.”® Two months later, Oppenheimer suggested that
a second election be called to add post personnel; from then on the
council became “truly” representative.” Among the typical topics it
discussed were the milk and water supply, the commissary, housing, the
distribution of maid services, restaurant facilities, changes in the hours
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of movie showings, the lack of sidewalks, heating problems, rents, school,
and public'conduct.®®

The by-laws of the second elected Town Council, which met on 27
March 1944, fixed the size of the council at five members having six-
month terms of office. Meetings were held weekly.®! One of the issues
discussed by the council was voting in the 1944 federal and state elec-
tions. The secret status of Los Alamos made residents ineligible to vote
in national elections. The council tried to work out the problem, but
the state of New Mexico illegally inactivated the precinct, perhaps out
of fear that a group of unknown voters would upset the balance of lo-
cal elections. An abbreviated federal ballot was finally obtained from
the state legislature to allow residents to vote in the national election.®?
Traffic problems were another issue; speeding and reckless driving were
especially serious because the town had no sidewalks. The council set up
a system of fines, but had no legal jurisdiction to stop either the speed-
ing or dangerous driving.®® In an effort to protect the safety of hikers
and skiers, as well as motorists and pedestrians, the council formed an
outing committee to promote outdoor safety and give advice on outing
preparations.®*

One of the hotly debated issues was Post Comdr. Gerald Tyler’s re-
striction on male visitors to certain women’s dormitories in the evenings.
The restriction was eventually overturned.®® The council later used this
dormitory issue to protest several other actions by the post commander,
including his raising of meal prices at Fuller Lodge and restrictions on
bus travel to Santa Fe.?¢ Such disagreements between the Town Council
and the post over minor matters were a continuing feature of Los Alamos
life throughout the war.®7

Quality of Life

Fire protection, hospital, schooling, and communication, as well as food
and water, were dealt with as on any military post. The Fire Department
was composed of soldiers under a civilian fire chief. Most of their skills
were applied to fighting grass and furnace fires. Only one severe fire
struck during the war, burning a large portion of C Shop in January
1945 (Chapter 14).%8

The hospital, started by Hempelmann and surgeon-obstetrician Capt.
James Nolan, grew rapidly. Initially equipped with six beds, an oper-
ating room, a few small rooms for offices, and a pharmacy, the hospital
had 100 staff members by the fall of 1944.%°
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Fig. 6.4. The Los Alamos Post PX. LA Photo, 3232.

In the summer of 1943, Dr. Walter W. Cook and the Governing
Board drafted the original plans for the school. The planners envisioned
a model school for gifted children staffed by scientists’ wives or the scien-
tists themselves, to avoid bringing in teachers from the outside.’® Cook
apparently knew that Los Alamos would be a scientific community, but
he must not have been informed about the young age of the scientists,
because he designed a curriculum for college-bound students.®*

The commissary generally received high marks from the townspeople;
it often carried specialty items, but could be short of locally grown fruits
and vegetables.?? Meat was usually available.®® A cafeteria seating 250,
somewhat better than the usual messes, opened early in 1945 and sat-
isfied the needs of the community.’* The expansion of facilities strained
natural resources, including the water supply. The water required heavy
chlorination after passing through the town’s piping system. The first
new emergency water line was built during the summer of 1943. When
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the water situation became serious again a few months later, Oppen-
heimer approved the stopgap measure of a noninsulated line from Guaje
Canyon.®

There were few telephones in Los Alamos. Although offices were
equipped with telephones, the administration did not want them in the
town because they threatened security. A compromise allowed some
telephones in the town for emergencies, but the post controlled access.
In the early days of the project, the switchboard operated only during
business hours because too few WACs were available to keep it open
longer. Security overseers had no way to determine whether someone
was tapping into the line, so they simply forbade anyone to discuss clas-
sified information over the telephone.®®

Los Alamos had its own radio station operated by volunteers. The
broadcasts were transmitted over the power lines and could be picked up
at short distances from the site. The military intelligence officer reviewed
the programming for classified information. One regular feature was
Otto Frisch’s classical piano playing.®’

Before fall 1944, residents could leave the immediate vicinity only in
emergencies. After these severe restrictions on travel were lifted, trips
away from Santa Fe and Albuquerque, for example, into the Pecos, the
Jemez, and Sangre de Cristos mountains were possible by automobile,
if gasoline and tires could be found. Bandelier National Monument,
which had served as overflow housing several times in the laboratory’s
existence, was a weekend playground for many residents of the townsite,
as well as those living temporarily in the Monument. Picnics in Frijoles
Canyon were popular, as was the (now prohibited) hunting for shards of
pottery in Indian ruins.%®

The surrounding Jemez Mountains offered escape from the pressures
of the scientific program. Many scientists hiked there on Sunday, their
day off. Some enjoyed horseback riding; the golfers built a rough nine-
hole golf course; in winter, skiing and ice skating were available.®® The
Post Recreation Committee planned activities with the help of represen-
tatives from the town.!°® Parties and dancing were popular on weekends.
Alcohol was consumed freely when it could be obtained.!®! The PX was
a combination soda fountain, bar and grill, drugstore, and general meet-
ing place that featured jukebox music to supplement the music piped
over the power lines. Juvenile delinquency prevention drives usually
focused on barring young people from the PX at night.!??

Indian pueblos were another field for exploration. Some Los Alamos
residents developed close relationships with the Indians in nearby pueb-
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los, particularly San Ildefonso. Such friendships sometimes led to invi-
tations to pueblo marriage and birthday ceremonies, or to pueblo feast
days. Prices for Indian pottery and jewelry were low; pots by Maria
Martinez were especially prized.'®® One high point in relations between
the Los Alamos scientists and their Indian neighbors was a party the In-
dians hosted for Los Alamos residents after the war. Cokes and cookies
from Los Alamos as well as Indian bread, fruit tarts, and other native
delicacies were served while members of the two communities demon-
strated square dancing and ritual dancing.

The lack of amenities at Los Alamos, while inconvenient, tended to re-
inforce the close community spirit of that society during the war. Neigh-
bors helped each other overcome shortages and other impositions. Both
the fence around the town and the common patriotic purpose of the lab-
oratory helped focus attention inward — to the special role Los Alamos

would play in World War II.



7

The Gun Weapon:
September 1943 to August 1944

Although the problem of producing a gun weapon seemed relatively sim-
ple as the laboratory entered the summer of 1943, William Parsons and
Charles Critchfield soon recognized that the guns needed to assemble
uranium and plutonium would be very different from the ordinary ones
that shot high-explosive projectiles at targets. The Ordnance and En-
gineering Division (E) did not know enough about the critical masses of
plutonium and uranium, their metallurgical properties, or the speed re-
quired by nuclear constraints to assemble an effective plutonium weapon.
Three points were clear: the guns would have to be designed from scratch
- standard ordnance cannon could not be adapted to this use; exten-
sive testing of both the plutonium and uranium guns and their mockup
target and projectile components would be required; and targets and
projectiles of active material would have to be designed. No one had
yet tried to create an explosion using two or more pieces of fissionable
material. Work on the gun gadget proceeded along three paths — interior
ballistics research, experimental testing of designs, and target-projectile-
initiator development. Each proceeded more or less independently until
the reorganization of the laboratory in August 1944 consolidated all gun
work.

Between April 1943 and August 1944, Parsons, Critchfield, Edwin

* This chapter is based on a draft written by Roger Meade. Catherine Westfall
wrote the section on polonium procurement. We thank Robert Penneman for his
detailed editing of the polonium section.
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McMillan, and Joseph Hirschfelder designed, created, and tested all the
principal components of the gun gadget, including the gun mechanism,
target and projectile geometries, and initiators. Parsons provided a sta-
ble, well-run organization, using his navy contacts to expedite the work.
He also provided a research environment that promoted individual effort.
Critchfield calculated critical masses, spearheaded initiator design, and
suggested testing at the 20-mm scale in readily available guns. Reduced-
scale testing saved much time and money. Hirschielder developed the
interior ballistics parameters for the plutonium gun, as well as a general
theory of gun design that was used to develop the uranium gun. His
work was the foundation for the final development of the gun gadget.

Interior Ballistics

During the April 1943 conference, Oppenheimer stated the fundamental
interior ballistics problem: to design, build, and test a gun capable of as-
sembling plutonium. Following that, designing a uranium gun would be
a straightforward task. Subsequently, Oppenheimer instructed Critch-
field, Edwin Rose, and L. T. E. Thompson to formulate a gun program
“with emphasis on the physical design of the two types of guns thought
necessary.” Critchfield and the newly arrived Parsons immediately saw
that a good interior ballistician would be needed. While not request-
ing Hirschfelder specifically, they noted that the gun problems facing
the laboratory were “way beyond what has been worked on even by
Hirschfelder’s group” at the Geophysical Institute.! They requested ei-
ther Hirschielder or R. B. Kershner, a mathematician at Johns Hopkins
University and a member of Hirschielder’s group. Hirschfelder was se-
lected for the Los Alamos position.

Gun design is based on pressure-travel curves and propellant behav-
ior. Pressure-travel curves, which display pressure as a function of the
travel of the projectile within the bore of a weapon, are used to attain
a desired muzzle velocity. To prevent malfunction or damage, gun de-
signers arbitrarily chose 2 maximum breech pressure, which is based on
the strength of the gun tube steel and the burning characteristics of
a particular propellant. They then adjust the propellant to achieve a
desired muzzle velocity. Acting in his unofficial capacity as gun coordi-
nator, Richard Tolman asked Hirschfelder’s Geophysical Institute group
to provide pressure-travel curves for the gun designs that looked promis-
ing. The calculations of the curves were completed by early June.’
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Attention then turned to powder selection. By early August, Critch-
field had developed the first full set of parameters for the plutonium
gun. Hirschfelder proposed using a hot burning powder, which would
give better burning efficiency through the use of a higher density of
loading and smaller powder chamber. Even with the smaller powder
chamber, weight remained a problem because the bomb would have to
be light enough to be delivered by an airplane. Because the gun weapon
only had to be strong enough for only one shot, Rose, the veteran gun
designer from Jones and Lamson Engineering, realized that a significant
amount of weight could be removed by simply reducing the amount of
steel in the tube. Tubes to be used in testing would, however, have to
be more durable to permit repeated use.?

When Hirschfelder arrived in Los Alamos, Parsons placed him at the
head of a new group, Interior Ballistics, for which Hirschfelder quickly
developed a theoretical and experimental program. The theoretical work
included the study of unconventional guns, such as double guns and
rocket devices, and the determination of interior ballistics characteristics
for guns capable of shooting projectiles at several different velocities.
Experimental work included the computation of loading charts for “all
conditions of firing”; instrumentation analysis of bore friction, starting
pressures, pressure waves, and ignition; and tests of powder, igniter,
and primer systems in sturdy closed bombs where their performance as
individual components could be evaluated. Hirschfelder also established
a team to operate five calculating machines to solve numerical problems
in E-Division. Just before coming to Los Alamos, Hirschfelder visited
the Ballistics Research Laboratory at Aberdeen Proving Grounds to
examine a newly developed ignition powder. He found the Aberdeen
powder untested in guns and unusable for the project’s purposes.

While still at Berkeley, Serber had thought of using a double gun to
assemble active material. Hirschfelder also looked into this concept; in
his view, a double gun would have one distinct advantage. “It would
be approximately one-half as long and would not involve any exte-
rior ballistics difficulties.” The main problem, as Serber had pointed
out earlier, was “to obtain simultaneity in the firings.”* In Novem-
ber, Hirschfelder outlined a simultaneity test using two 20-mm Hispano
bores. The bores, connected to one powder chamber, would be mounted
parallel and pointed in the same direction. James Serduke, a Russian
emigré who had served as a captain in the White Army, was in charge
of conducting the test. No records are available concerning this test,
and it is uncertain whether it was even conducted. Los Alamos did no
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further interior ballistics work on the appealing concept of the double-
gun system. Rocket devices received even less attention than double-gun
systems. After surveying the available literature on rockets during au-
tumn 1943, Serduke concluded that the use of rockets was exceedingly
complex, especially in regard to the time of ignition and the time of
flight. Since more “standard” ordnance was being modified with suc-
cess, rockets were quickly forgotten.’

Only a small part of the theoretical effort was expended on double
guns and rockets. Most work centered on determining the interior bal-
listic characteristics of guns capable of firing at several velocities using
projectiles of assorted mass. The calculations involved guns “of various
diameters and operating at low, normal, and high pressures.” Critchfield
supplied the desired weight of projectiles, which changed periodically as
new estimates of critical masses were calculated. Between September
1943 and January 1944, Los Alamos developed the interior ballistics for
the plutonium gun, also called the “Thin Man” or the “high-pressure
gun.”®

By January 1944, the theoretical work was completed and Hirschfelder
gave Parsons his recommendations on density of loading, the choice of
propellant, primer, and powder web (the minimum thickness of the grain
between any two adjacent surfaces), the design of powder bags, and the
overall design of the gun. These recommendations would be tested on
full-scale 5-inch tubes during the spring of 1944.

The Interior Ballistics Group tested several types of powders. They
identified those that would work well, but delayed selecting the type to
be used in the combat gadget until experimental tests were completed.
The group also recommended that density of loading be based on an old
ordnance practice of keeping the ratio below the mathematically optimal
figure. As Hirschfelder commented, ordnance personnel believed that
unusually high densities of loading caused guns to blow up unexpectedly.
Hirschfelder’s report underscored the many uncertainties that remained,
particularly the inability to specify a single powder web. To compensate
for these uncertainties, two lots of the same powder were always ordered,
one having a smaller web and one having a larger web than the best guess
of what was required. By blending the two lots, the group achieved
considerable variation in the effective web.” A second report to Parsons
quickly followed, presenting a general design for any gun that might be
needed. This report proved invaluable when it came time to develop
the uranium gun and also was used to compute the design variables of
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a possible second-generation gun gadget using larger amounts of fissile
material, the “augmented gadget,” in the spring of 1945.

The experimental program of the Interior Ballistics Group began when
Hirschfelder recruited John Magee of the B. F. Goodrich Company in
October 1943 to help with propellant testing. Hirschfelder sent Magee
to the U.S. Bureau of Mines, Bruceton Station, in November to assist
with the testing of propellants in “closed bombs,” constant-volume test-
ing devices having heavy walls. Bruceton had the only closed bomb
available.® Magee participated in both propellant and ignition system
tests. To determine the maximum pressure that could be obtained be-
fore the powder would begin to perform erratically, Magee measured du
Pont’s pressure parameter curves. Propellant experiments in another
Bruceton device, the partial-burning bomb, measured incipient pressure
wave formation due to the high densities of loading.

The Bruceton program never lived up to expectations, because prob-
lems with the closed bomb prevented extensive tests. The program did,
however, provide useful information on the strength of the primers, the
tendency of standard navy powders to wormhole, and the effect of low
temperatures on powders. The Bruceton work was officially suspended
in June 1944 when it became evident that the available gun instru-
mentation at Los Alamos could answer any questions about propellant
performance.’

In January and February 1944, the Interior Ballistics Group prepared
for the arrival of the first high-pressure tube and several types of pow-
ders. Loading charts showed the pressure and muzzle velocity versus
charge for each powder, allowing a rapid comparison between observed
results and theory. At this time, the group also accepted the final de-
signs for the ignition system and powder bags.!® The first tube arrived
in March and several shots were immediately fired to test instrumenta-
tion and propellants. Although the piezoelectric pressure gauge worked
satisfactorily, the chronograph proved unreliable. During subsequent
analysis in May, strain gauges, a radar bore accelerometer, and piezo-
electric pressure gauges, showed no evidence of undue strain or projectile
friction even at the maximum test pressure.

Although the work of the Interior Ballistics Group centered on the
plutonium gun, some attention was given to the uranium gun. Carlton
Green, the navy’s chief gun designer, urged the group to settle on the
caliber of the uranium gun. Standard naval cannon have whole-integer
calibers ranging from 4 to 16 inches. A uranium gun with a nonstandard
caliber would have required much additional design work.



116 Critical Assembly

The work of the Interior Ballistics Group neared completion in mid-
May, and Hirschfelder turned to computational problems for T-Division.
By the end of July 1944 and almost in tandem with the reorganiza-
tion, all interior ballistics work ceased and the group was disbanded.
Hirschfelder’s last task here was to assess the possibility of building
a plutonium gun that could deal with the problems of predetonation,
which had recently been highlighted by the discovery in the Experimen-
tal Physics Division of significant spontaneous fission by pile-produced
plutonium. Hirschfelder found such a gun impractical and vetoed any
further work.!!

Testing

Before the group could actually begin testing any project gun, they had
to construct a firing range. A nearly perfect site became available when
the War Department purchased an old ranch, near the main laboratory,
known locally as Anchor Ranch. Besides having the typical assortment
of ranch buildings and equipment, Anchor Ranch had a large flat area
for gun emplacements immediately adjacent to a small canyon, which
would give natural protection to the control building during test shots.!?

As constructed, the range consisted of a gun emplacement and an
accompanying sand butt to catch projectiles. After a shot, personnel
recovered the “yaw card,” a piece of cardboard placed in front of the
muzzle of the gun. This card indicated the oscillatory movement of the
projectile about its vertical axis — which was apparent from the shape
and angle of the hole left in the card by the projectile as it passed
through. They also dug out the pieces of target and projectile from
the sand butt. These recovered pieces showed the effects of the impact.
Other more sophisticated equipment and techniques, such as piezoelec-
tric gauges, gave information on tube stress and interior ballistics. A
large concrete building, covered with earth and located in the canyon,
housed the control room. A large periscope gave the researchers a full
view of the firing area during shots.!?

As a test site, Anchor Ranch had one drawback: it was unsafe for
nontest personnel. Since the site bordered the main road, road blocks
had to be placed on either side of the range. As more roads were built
through the general region, and as the laboratory expanded into this
area, safety became more difficult to maintian. A particular hazard was
the “large fragments of targets [which] sometimes traveled as far as 75
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yards; small fragments went even farther. The fact that there were no
accidents was in part due to good fortune, as there were several failures
to clear the nearby roads during hazardous shots.”

To expedite the testing of other major components, Parsons acquired
a 3-inch naval antiaircraft gun, which fired the first shot in the test pro-
gram. This gun was used until early 1945, when all experimental firing
shifted to the full-scale uranium gun. This 3-inch model gun proved
invaluable in testing sabot stripper designs, projectile strength, the ef-
ficiency of sealing bands, the ejection of absorbing plugs from targets,
and target-projectile geometries.

One of the most important additions to test-site personnel was Naval
Ordnance Technician Thomas Olmstead, the only one there with expe-
rience in loading and firing large-bore cannon. Robert Wilson recalls
Olmstead as “a colorful person ... a member of the Black Powder So-
ciety ... someone who thrilled me in conversation, a regular guy in an
irregular way.”'* Critchfield recalled recently that Olmstead was the
only person with enough sense to plug his ears prior to a shot. Olm-
stead acted as buffer between Parsons and the scientists. Never truly
comfortable with the scientists’ seemingly undisciplined style of research
and experimentation, Parsons relied on Olmstead to keep the big guns
in working order and the firing program on schedule.!®

Meeting for the first time on 25 February 1944, the Steering Commit-
tee for Gun Assembly reviewed the progress of the target work. This
committee, formed by Oppenheimer at the request of Parsons on 12
February, met every other week through October 1944 under the broad
mandate to review the problems of gun assembly. Citing a provisional
requirement that the “target assembly stay together after the impact,”
the committee recommended experiments that would use the strength
of steel to hold the target together.!®

By April 1944, 70 percent of the test shots had investigated blind
targets — closed-end systems in which the projectile is stopped. The
purpose of these tests was to find the geometry in which the target
deformed the least. The factors of interest were the relative importance
of strength and inertia in various parts of the target in absorbing energy
and restraining unfavorable deformation and the time dependence of
deformations during impact, especially the overall time between first
collision and final configuration. Solid steel targets and steel projectiles
simulated active materials.!”

The 3-inch test program proved extremely beneficial to the projec
During the summer of 1944, however, 3-inch testing became less de-

t_1s
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sirable as the target and projectile designs became more complex and
harder to fabricate. An increasing amount of work was done at the 20-
mm scale. Since the 3-inch gun was a stopgap instrument and not to
scale, little new information could be gained by using it as a primary
test device.

The idea to use a 20-mm gun came from Critchfield. While employed
by the NDRC, Critchfield had used such guns and found them ideal
for scaling experiments. Oppenheimer subsequently approved a 20-mm
program to safely test initiators containing polonium, and to test the
many expected designs of blind targets. The greater ease of fabrication
and the relative ease of heat treating and machining smaller pieces of
alloyed steel made the decision an easy one for Oppenheimer.}® During
February and March 1944, Oppenheimer assembled personnel and facil-
ities for the 20-mm project. The most important additions to the new
program were a special building to conduct firing tests and the services
of David S. Wood, a research engineer, from the California Institute of
Technology. Wood assumed responsibility for the mechanical testing of
designs and control of hazards.

The construction of the 20-mm laboratory received special attention.
It had to be kept small to facilitate instrumentation, the recovery of
targets and projectiles, and the containment of all radioactive and toxic
materials. Personnel needed special protection from powder gases and
the uranium, polonium, radon, and plutonium used during specific tests.
To protect against these hazards, the gun, recoil mechanism, and target
were enclosed in an evacuated space connected to a special pump and
filter system. Gas masks and special clothing provided additional pro-
tection for those working in the test chamber or handling radioactive
materials. Since the gas masks were designed to remove dust, smoke,
and other fine particles from the air, physicist Robert Cornog thought
they would effectively remove radioactive dust. The original program for
the 20-mm gun classified shots as either inactive or active - on the basis
of nonradioactive targets and projectiles requiring no special precautions
— or active:

Temporarily head of the 20-mm program, Cornog, a student of L.
Alvarez at Berkeley in the late 1930s, tested the similarity of ballistic
experiments carried out at different scales. He duplicated many of the
more pertinent shots that had already been made at the 3-inch scale.
The development of a neutron source for both the uranium and pluto-
nium guns, Cornog’s second priority, had to wait for additional equip-
ment and facilities. Cornog planned to develop plutonium projectiles
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and targets as soon as enough plutonium, or a material resembling plu-
tonium, became available.

The program proved immediately successful. Several targets and pro-
jectiles showed enough promise to be scaled up for additional testing.
The success of the 20-mm laboratory was mitigated in April by problems
with the quality and timeliness of machine shop work. Several assem-
blies were delivered late and some were defective and had to be returned.
As a result, many tests were delayed or abandoned. Parsons assigned
physicist Lawrence Langer to work closely with the shop to eliminate as
many problems as possible by coordinating personally the shop’s 20-mm
work, thus bypassing the cumbersome shop administration.2?

Initiator

The onset of a chain reaction had to be accurately timed to ensure an
efficient explosion — a difficult task, since the explosive nuclear fission
reaction is very short in comparison with assembly times. During the
April 1943 conference, Serber had suggested using an initiator as “extra
insurance,” a device set inside the weapon that would release a burst
of neutrons to help trigger the chain reaction at the optimal time. De-
veloping the initiator required two parallel efforts: Oppenheimer had
to procure material for the device, and the Ordnance Division had to
create a model rugged enough to withstand being fired from a gun and
brought to a sudden stop, yet precise enough to provide neutrons only
when the target and projectile had seated.?!

Procuring Polonium

Serber had proposed using radium-beryllium or polonium-beryllium ini-
tiators. Even before the war, 2'°Po mixed with beryllium was a popular
neutron source. The isotope’s 140-day half-life was long enough for it
to be stockpiled, yet short enough for the a-particle flux to remain rela-
tively high. Moreover, polonium could be obtained by ordinary chemical
processes.??

Although small amounts of polonium were available, it was not clear
that a sufficient quantity of the necessary purity could be obtained in
time for use in the program. In June 1943, Oppenheimer informed
Groves of the need for procuring polonium, mentioning the two expected
sources, neither of them certain: separation from lead residues and pile
production. The isotope 21°Po, which occurs naturally in the 233U de-
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cay series, is ordinarily isolated from lead concentrates. Although en-
trepreneur Boris Pregel claimed to have access to residues capable of
producing 500 curies of polonium, Oppenheimer felt that the necessary
separation would be time-consuming and impractical and therefore sug-
gested that this method be used only as a standby.

Oppenheimer believed it would be easier to produce polonium in the
plutonium production piles through the capture of neutrons by bis-
muth. Because of the low neutron-capture cross section of bismuth,
large amounts of this element had to be bombarded for a long time
to make a small amount of polonium. If 100 pounds of bismuth were
placed near the center of the Clinton pile, 9 curies of polonium could be
produced every four months, assuming that the pile’s power specifica-
tions did not change. This would provide enough polonium to meet the
immediate needs of the initiator effort and to produce the polonium-
beryllium sources for the various experiments. An ample amount for
bombs could be provided later when Hanford went into operation; Op-
penheimer calculated that 100 pounds of bismuth placed in the center
of the Hanford pile could produce 4.5 curies of polonium per day. Of
course, this scheme relied on the timely and reliable operation of the
piles, which were still in the design phase.

Whatever method would be used for polonium production, consid-
erable work was necessary to improve purification techniques. Oppen-
heimer promised Groves that the preliminary research would be con-
ducted under the direction of Berkeley chemist Wendell Latimer. Some
work had already been done at Berkeley, prompted by the need for polo-
nium for the production of polonium-beryllium sources. For that work,
Oppenheimer had obtained what was probably the country’s largest con-
centrated source of polonium from J. G. Hamilton, the Berkeley physi-
cian who had pioneered the use of cyclotron-produced radioactive ele-
ments and had also used radium to treat tumor patients. Despite the
fact that Hamilton had promised several donors that he would person-
ally maintain control of the substance, he agreed in the spring to re-
linquish his “radium D” (?!°Pb) solutions. When Rene Prestwood, a
young recruit, was commissioned to separate polonium from these solu-
tions, he found separation difficult and his results “disappointing” be-
cause of the impurity of the solutions.?* To determine whether polonium
could be separated under better conditions, Oppenheimer asked Latimer
in July to begin the separation of bismuth irradiated by the Berkeley
cyclotron.?*

With polonium separation research assigned to Berkeley, plans for ir-
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radiating bismuth in the Clinton pile and for exploring natural sources
went forward. As summer continued, the researchers encountered sev-
eral problems. To irradiate bismuth at Clinton, they arranged to place
five bismuth slugs, which together weighed 440 pounds, in the pile for
100 days so that 10 curies of polonium could be produced. Obtaining the
necessary bismuth proved easy. Samuel Allison found that the Ameri-
can Smelting and Refining Company at Perth Amboy had a large source
from which bismuth could be separated. The problem was that any anti-
mony present might remain as an impurity in the bismuth, which would
yield radioactive antimony by neutron capture. As Allison explained to
Martin D. Whitaker, director of the Clinton pile, this was a pressing
problem, “since the presence of a very small amount of antimony will
produce a penetrating gamma ray in the irradiated material.” Since
gamma-ray production would pose a severe health risk to workers, re-
searchers had to be sure that antimony concentrations would be low
before irradiating the bismuth.2®

In the meantime, Hamilton had done some sleuthing about natu-
ral polonium sources. In July he reported that nearly 7 tons of lead
dioxide were available at Port Hope, Ontario. Assuming current es-
timates for the amount of radium and lead available per ton, about
2.8 curies of polonium could be separated per ton. It was later deter-
mined that the material belonged to the Canadian Radium and Ura-
nium Corporation. Hamilton explained that Pregel had control over
the material and warned that he was apparently trying to sell it both
to the Canadian refinery and to petroleum companies that could use it
to make polonium-beryllium neutron sources for oil-well prospecting.?®
After hearing this news, although he still considered the natural polo-
nium source a “standby,” Oppenheimer worked with Groves in July
and August to ensure that the lead dioxide would not be sold to other
customers.?”

At this juncture, Oppenheimer made arrangements to assign polonium
production: to Charles A. Thomas, who had recently been appointed co-
ordinator of the plutonium effort.?® This appointment was a clever move
in more than one way. As central research director of Monsanto Chem-
ical Company, Thomas was in a good position to arrange for Monsanto
to assume responsibility for large-scale polonium separation. This was
a relief because it was unreasonable to expect the overworked Berkeley
group to take on this task after they developed separation procedures.?’
In fact, by late July Los Alamos researchers were worried that Berkeley
was not making rapid progress on separation. By appointing Thomas,
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Oppenheimer obtained welcome support in his efforts to persuade the
overcommitted Berkeley group to work on this task.3® As he explained
to Thomas, polonium separation was not “in the field of Latimer’s main
interest,” and since he was short-handed, some pressure would probably
have to be applied “to get this work done on time to be of any use.”

By the last day of July, Thomas had taken charge. He offered to
encourage and coordinate work with Berkeley. To get the ball rolling,
he suggested that a sample of bismuth from the American Smelting and
Refining Company be sent to the Berkeley group so that they could work
on the same material to be used in large-scale production. It was under-
stood that after separation procedures were developed, Monsanto would
translate them into industrial scale. Thomas also reported that the re-
fining company had promised bismuth of 99.99 percent purity with “no
detectable antimony.”3! By mid-August this good news was augmented
when Latimer reported that the Berkeley group had been able to sepa-
rate polonium from bismuth with “no trouble.”3?

Even with the encouraging report on antimony, it was not clear that
bismuth irradiation would emerge as the preferred method of polonium
production. A prime disadvantage was that a considerable number of
uranium slugs would be displaced, since large amounts of bismuth had
to be bombarded. By fall, Fermi reportedly considered “the nuisance
value” of bismuth irradiation to be “quite considerable.”*® At this point,
Pregel contacted the War Department to report that he could deliver
both polonium and RaD.3* Although Oppenheimer warned Thomas that
Pregel “had a bad reputation” and was “considered fairly unreliable,”
considerable pains were taken subsequently to investigate the separation
of polonium from lead dioxide.3®

Despite the fact that consultation with Canada was awkward, since
the two countries had not yet devised an information-exchange agree-
ment, the Los Alamos scientists decided that a meeting should be called
to bring together American scientists, including Segre, who had orga-
nized early polonium separation studies, along with F. Paneth and B. L.
Goldschmidt, two scientists from Canada who were experts in separat-
ing polonium from lead oxide.?® Groves agreed to the meeting, although
he insisted that it appear that the subject was of interest only to the
Met Lab.?” After the meeting in late October, Segré reported that the
Canadian source “might well compete” with plans to irradiate bismuth
in the Clinton pile.3®

In a November status report to Conant and Groves, Thomas reported
new concerns about both polonium sources. He expressed relief that
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arrangements had been made to secure the Port Hope lead oxide “as an
alternate supply,” admitting that his group was now concerned about the
Hanford irradiation of bismuth. At the full-scale plant, impurities had to
be 100 times less than at Clinton, because irradiation intensity was 100
times greater. He also mentioned a new worry that had emerged from the
meeting with Paneth and Goldschmidt. The Americans had learned that
polonium oxidized much more readily than anticipated, which meant
that extra effort would be required to keep oxygen impurities very low
to avoid neutron background from (a, n) reactions in oxygen.*?

Despite these concerns, Thomas announced that success in polonium
separation was “reasonably certain.” After all, work had been published
on polonium. In addition, Paneth and Goldschmidt had reported success
in recovering polonium from lead dioxide, and by this time Berkeley had
obtained high yields in separating polonium from bismuth.*°

Thomas also reported that Monsanto was already organizing a labo-
ratory for polonium separation at Dayton, Ohio.#! In the fall and spring,
Los Alamos researchers visited Dayton to advise the Monsanto engineers
about the difficulties of working with polonium. Concentrated solutions
produced enough radiation to decompose solvents. In addition, the ele-
ment did not adhere easily and migrated wildly, thereby causing constant
contamination problems. Prestwood told the Monsanto engineers that
once a plate was covered with polonium, it would contaminate every-
thing near it, unless covered. Even in the process of counting the sample,
researchers noticed some of the material was lost because of a-activity
recoils that distributed the sample.*?

In December, a new problem arose. When 3 tons of lead residues
arrived in Dayton, the content of radium D was much less than ex-
pected and the content of polonium was much higher. This meant that
researchers had been misled about the history of the material. The
chemists were quite concerned, since a lower radium D content meant
that less polonium could subsequently form in the material. Although
the lead residues were not expected to supply most of the necessary polo-
nium, they were to be a supplement. At least 10 tons of lead residues
would have to be processed to meet delivery schedules at Los Alamos. If
polonium production at Clinton did not progress as planned, more lead
dioxide processing would be necessary.*? To help resolve the uncertainty
of the Port Hope shipment, a meeting was called with a representative
from the refinery. The participants agreed that a mistake had appar-
ently been made and that more care should be taken with the second
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shipment. Thomas also arranged to have samples taken and measured
from each bag in the shipment.**

By January, the polonium production outlook was much brighter.
Thomas reported that “plans for the large scale extraction of polonium
from lead dioxide and from irradiated bismuth were completed.” He had
arranged for Monsanto and the Firestone Tire and Rubber Company to
convert 9 tons of lead dioxide to lead chloride and plate the polonium on
nickel foils. Complete recovery would result in approximately 9 curies
of polonium from this process. Since the polonium would be deposited
on many foils, Dayton researchers had to concentrate the element.*’

Eventually, Monsanto chemists used the following procedure for iso-
lating polonium from irradiated bismuth:

After holding long enough for most of the 2!°Bi [radium E] to
decay-to polonium, the slugs of metal were melted and dispersed
by sieving into water. The pellets were then dissolved in aqua
regia and the resulting solution denitrated with formaldehyde.
From this solution the polonium was scavengered by stirring in 500
grams 150 mesh bismuth powder and then decanting the solution.

The bismuth powder, now carrying the polonium, was dissolved
in about one liter of aqua regia and the solution denitrated.$

At this point, the polonium was removed by either the tellurium process
or the bismuth “Super Scrub” process. In the tellurium process, telluric
acid was added to a polonium solution, and tellurium and polonium
were jointly precipitated by reducing both with added tin (stannous)
chloride. In the bismuth Super Scrub process, bismuth metal powder
was used both as a reductant and as a carrier. In both processes, polo-
nium was removed from solutions and concentrated as part of a larger
precipitate that included either tellurium or bismuth. The polonium was
then separated from these carriers by electrodeposition onto platinum.
Clinton’s first batch of bismuth reached Dayton in January. It con-
tained more polonium than expected. To ensure that several curies
of polonium would be available to Los Alamos as soon as possible, a
large amount of this first batch was separated on a semilaboratory scale.
For longer-term production, Dayton researchers constructed a large-scale
processing unit capable of processing 110-pound batches of bismuth.*’
They decided to can (i.e., cover) bismuth slugs in metal containers in
February; such canning proved easy. By the end of March, Los Alamos
began receiving shipments of polonium, which allowed it to begin cru-
cial physics tests of the initiator. By April, Thomas was able to an-
nounce that “we are in the fortunate position of having both horses
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come through.” Dayton began to prepare the final platinum foils con-
taining polonium according to the specifications of Los Alamos.*®
From this time forth, Monsanto unfailingly provided increasing quan-
tities of polonium, most of which was produced from pile-irradiated bis-
muth. Starting in April 1944, 2.5 curies per month were produced, and
by summer this figure was raised to 6 curies per month. By 1 January,
Monsanto was prepared to ship 10 curies per month, the rate Oppen-
heimer had set in late August as sufficient “for the life of the project.”*®

Initiator Design

Leonard Schiff showed theoretically that the efficiency of the gun gad-
get could be increased by the use of an initiator. Reviewing Schiff’s
work, Oppenheimer made two important decisions: in February 1944,
he placed Kenneth Bainbridge in charge of the Initiator Committee,
which oversaw the initiator program; and, he authorized construction of
the 20-mm laboratory as “a wart to Building B” to expedite gun work in
general and initiator work in particular. Parsons, ever focused on detail,
reiterated Oppenheimer’s emphasis on 20-mm testing by formally stating
the Ordnance Division’s role in initiator development. “It is agreed that
the most effective and expeditious method of handling the initiator de-
velopment is at the 20 mm scale.”>® Oppenheimer requested that serious
thought be given to the “physiological dangers and the risks of contami-
nation involved in firing tests with plutonium and polonium.”®! Critch-
field assumed responsibility for the experimental work, while Joseph
Kennedy and Dodson handled the preparation of polonium.*?

Through the late winter and early spring, Critchfield made good
progress on the initiator design.®® Tests involving active material, in-
cluding determination of the necessary source strength, had to wait
for the 20-mm laboratory to be completed.®® The committee settled on
the initiator’s design in June. The design was accepted in late July.5
The Initiator Committee then decided on the source strength and other
practical aspects. The initiator’s structure had to be rugged enough to
withstand unreasonably rough handling, accidental drops, airplane vi-
brations, and the shock of firing. Each unit had to be free from rust and
corrosion and remain tightly sealed.’® Oppenheimer gave final permis-
sion to incorporate initiators into the gun gadget on 15 March 1945. He
suggested using lower-strength initiators. If the amount of polonium in
each gun initiator was reduced, the background activity would remain
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within a reasonable tolerance, less polonium would be needed for the
tests, and some would remain for implosion initiator work.

Later, “forty-odd” initiators were sent to Tinian, the Pacific island
airstrip to be used by the U.S. Army Air Forces to launch B-29 bombing
raids on Japan, along with equipment to measure neutron background.
Sixteen units were selected for testing, and four were ultimately inserted
in the combat gadget. All the units tested at Tinian had the same
neutron background that they had had in the United States.

Target, Projectile, and Tamper Development

In his April 1943 lectures, Serber had presented general ideas for the
target and projectile assembly, but he could not be specific about either
design because scientists had no nuclear data for 233U and 2**Pu.®” Even
the physical properties of plutonium were by and large unknown. To set
limits on the size of the combat unit, researchers had to rely on esti-
mates of the target and projectile sizes and shapes, assembly velocity,
and critical masses of active material. The anticipated size of the combat
unit was in turn a useful parameter for selecting the type of plane used
to deliver the gun weapon. More serious, however, were the conceptual
uncertainties they faced in producing a chain reaction at the optimum
moment, calculating the number of critical masses that could be placed
in each part of the final assembly, and calculating the probability of pre-
detonation on the basis of the manner in which the assembly progressed
from a subecritical to a supercritical state. Critchfield’s projectile and
target group designed the projectiles and targets with the help of McMil-
lan’s proving ground group and several metallurgy groups. Cyril Smith’s
metallurgists proved indispensable in fabricating boron and developing
appropriate procedures for heat-treating steel.®®

By March, the blind target assembly had strong support, especially
within the Steering Committee. Parsons, who was becoming increasingly
pessimistic about the laboratory’s overall progress, took issue with what
he saw as the committee’s overconfidence in the blind target. Writing
to McMillan in early March, he pointed out that it would be practi-
cally impossible to conduct full-scale experiments with plutonium to
determine its ballistic behavior under high-velocity impact. Given the
ballistic uncertainties of both plutonium and the likely tamper, Parsons
strongly suggested that the “mechanically simple and reproducible pri-
mary assembly” should not be sacrificed to the “violent, difficult, and
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Fig. 7.1. Navy Captain William S. Parsons was leader of the engineering
and ordnance division and head of the Little Boy program. LA Photo, LAT
717.

non-reproducible method” of the blind target. Critchfield’s test program
reflected Parsons’ concerns.>®

Unfortunately, the physical properties of plutonium continued to be a
problem in the spring of 1944. Smith reported at the 17 March Steering
Committee meeting that the melting point of plutonium could be as
high as 1,800°C, and its density not less than 17. (These values would
be radically revised in the next few months, as explained in Chapter 11.)
This high melting point complicated plans for the purification process.
Smith proposed making a ternary combination of silver, gold, and copper
to approximate the physical properties of plutonium, so that scaled-down
target and projectile experiments could begin. Smith did not produce
the promised calculations of the effect of steel on the target tamper.
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Parsons, still concerned about progress, emphasized the need to speed
the project up because gun production at the Naval Ordnance Factory
was running ahead of schedule. At the 21 April meeting of the Steering
Committee, he noted five key areas in which knowledge was “notably
lacking”: the nuclear and mechanical problems of plutonium, the critical
properties of odd shapes of active material (particularly in connection
with the predetonation problem), the strength of the background from
active material and initiator, and the ability of a thin gun barrel to
withstand 75,000 psi. Only the critical properties of odd shapes seemed
hard to solve, but, as Serber pointed out, computational methods were
now advanced enough to attack them. P-Division was about to lend a
hand on odd-body problems by providing data for pseudointegral and
optical analog experiments using a rotating pyramid camera to be set
up under Donald Marshall. Parsons was right to be concerned, as be-
came clear when the committee began discussing the very negative issue
of McMillan’s volumetric theory of assembly. This theory postulated
that the criticality of a given mass depended on the volume of tamped
space in which it was contained. The rate of change of this volume was
proportional to the speed of assembly. If the volumetric theory proved
correct, the plutonium gun was doomed.%?

By early July, well before the August reorganization, Parsons had rec-
ognized that the plutonium gun could not work because of the presence
of 24°Pu and began shifting Ordnance Division activities to the uranium
gadget on which all gun work now centered. A suitable caliber was fi-
nally chosen. By this time as well, reduced-scale testing had reached its
limits. Only full-scale testing would suffice to produce a combat device.
This effort could now go forward without reservation. Critchfield noted
in his last report as an E-Division member, the uranium gun “is both
predictable and satisfactory at full scale.”®! No longer the stepchild in
relation to the plutonium gun, the uranium gun could now receive the
attention it needed.
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The Implosion Program Accelerates:
September 1943 to July 1944

By late summer 1944, the implosion program was among the laboratory’s
highest priorities. It had started out as a small, informally run, back-
burner effort of a handful of researchers surrounding the reserved Seth
Neddermeyer (Chapter 4). Between the fall of 1943 and the summer
of 1944, it was transformed into a well-coordinated, multidisciplinary
research effort of more than fourteen groups operating within T-Division
and the newly created Gadget (G) and Explosives (X) Divisions.

The shift began with a visit in late September 1943 by the great math-
ematician and physicist John von Neumann. On learning about Nedder-
meyer’s test implosions of small cylindrical metal shells, von Neumann
pointed out that their efficiency could be increased using a substantially
higher ratio of explosive to metal mass, which would promote more rapid
assembly. The suggestion excited leading Los Alamos theorists, includ-
ing Bethe, Oppenheimer, and Teller, who could now envision an atomic
weapon requiring active material having less mass and a lower level of
purity than was needed in the gun device — advantages of particular
interest to General Groves.

Theorists, particularly Bethe and Teller, spent more and more time
on implosion questions, while von Neumann continued to work on the-
oretical aspects of the implosion in Washington, D.C. The new implo-

* This chapter is based on a draft by Lillian Hoddeson. We are grateful to Gordon
Baym and Les Redman for their detailed editing of this chapter and to Robert
Penneman for his substantial contribution to the section on the RaLa method.
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sion theory group was set up in March 1944 under Teller to develop
the mathematical description of implosion. Additional experimentalists
joined the program. Neddermeyer’s E-Division group expanded from
five to roughly fifty. In October 1943, George Kistiakowsky, the lead-
ing American explosives expert and director of the Explosives Research
Laboratory (ERL) at Bruceton, Pennsylvania, was brought in as a con-
sultant.

The primary experimental concern during the first half of 1944 was
to devise diagnostics to measure implosion parameters such as symme-
try, the time of collapse, and the degree of compression. In this phase,
three techiiques were used to examine collapsing cylinders: X-ray pho-
tography, optical photography, and “terminal observation” (diagnosing
the implosion by studying the remains of test shots). As the months
passed, Los Alamos scientists conceived of more exotic diagnostic meth-
ods - in particular, the electric “pin,” betatron, “Rala,” and magnetic
methods. In addition, the group collaborated with the ERL and the
Hercules Powder Company in researching the detailed behavior of high
explosives, which for the first time had to function as precision tools.

By early 1944, test shots were revealing serious problems: “jets” and
“spalling” (explained later in the chapter) were causing asymmetry and
turbulence, drastically curtailing efficiency and raising serious doubts
about the usefulness of the method. By late spring, the possibility of
realizing a practical implosion appeared remote.

Von Neumann’s Visit in September 1943

The primitive observations made through September 1943 in Nedder-
meyer’s group in the Engineering Division gave early evidence that sim-
ple implosion shots were too asymmetrical to release the nuclear energy
required for a usable weapon. But few worried about this implosion
problem, because the prevailing opinion at the laboratory was that gun
assembly would succeed for both uranium and plutonium.
Oppenheimer thought otherwise. With great foresight, he drew atten-
tion to the precarious state of implosion theory. In July 1943, he wrote
to von Neumann: “We are in what can only be described as a desperate
need of your help .... We have a good many theoretical people working
here, but I think that if your usual shrewdness is a guide to you about
the probable nature of our problems you will see why even this staff is in
some respects critically inadequate.” He invited von Neumann to “come,
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if possible as a permanent, and let me assure you, honored member of
our staff,” and suggested that “a visit will give you a better idea of this
somewhat Buck Rogers project than any amount of correspondence.”!

Von Neumann was an appropriate choice for such theoretical help. He
had previously worked on questions of shock waves and turbulence in
fluid dynamics and in the late 1930s had served as one of the original sci-
entific consultants to Aberdeen Proving Ground, where he had studied
“shaped charges.”? A particular strength he could bring to the implo-
sion program was his ability to solve sets of nonlinear partial-differential
equations numerically. He had helped place Chapman and Jouguet’s
classic formulation of detonation waves on a solid foundation, interpret-
ing them as shock waves followed by a chemical reaction zone.®

At the time of Oppenheimer’s letter, von Neumann was working at the
Navy Bureau of Ordnance and was also associated with the Aberdeen
Proving Ground, Princeton University, and the NDRC. To draw him to
Los Alamas, Oppenheimer, Groves, and Parsons appealed for help to
both Richard Tolman and Rear Adm. William R. Purnell (a member
of the Military Policy Committee).* They agreed that von Neumann
would work on theoretical problems in Tolman’s office at the National
Academy of Sciences in Washington and would make “an occasional visit
to Santa Fe.”®

The implosion program took a decisive turn during von Neumann’s
first consulting visit to Los Alamos between 20 September and 4 Oc-
tober. Hearing from Teller, one of von Neumann’s boyhood friends in
Hungary, as well as others about Neddermeyer’s implosion studies, the
mathermatician immediately drew on his recent experience with detona-
tion waves and the Munroe shaped-charge effect to suggest initiating im-
plosion by arranging shaped charges in a spherical configuration around
the active material. In this scheme, the jets produced would rapidly
assemble the bomb.® After thrashing this idea about with Teller, von
Neumann, as a hydrodynamicist, took the substantial further step of
suggesting a means of achieving a faster kind of implosion assembly
based on increasing the amount of high explosive. His conversations
with Teller had revealed that the higher pressures generated by such an
approach could reduce the amount of fissionable material in the weapon.”

Von Neumann’s fresh suggestions about implosion, as Charles Critch-
field recalls, “woke everybody up .... Johnny ... was a very resourceful
man, at least twenty years ahead of his time .... I remember Edward
[Teller] calling me and saying ‘Why didn’t you tell me about this stuff?’
I said, ... Seth and Hugh [Bradner| and Streibo {John Streib] and I have
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Fig. 8.1. Mathematician John von Neumann, a consultant to the Los
Alamos laboratory, suggested the fast implosion concept. LA Photo, LAT
627.

been working on this, and nobody paid any attention to it.” Critch-
field also recalls Groves scolding Parsons, who had been focusing on the
“safe” gun method, for not keeping him adequately informed about the
implosion.® Bethe, Oppenheimer, and Teller were particularly impressed
that an implosion bomb might be a far more efficient nuclear weapon
than a gun.®

The formal implementation of an expanded implosion program based
on von Neumann’s ideas grew out of several discussions of the Govern-
ing Board in the fall of 1943. The board understood that to develop the
new ideas into a useful weapon required a deeper technical understand-
ing of high explosives than was available at Los Alamos. At a meeting
on 23 September 1943, Oppenheimer asked whether the board felt that
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Kistiakowsky, the eminent Harvard chemist, should be approached for
the implosion program. Kistiakowsky was then head of Division 8 of the
OSRD, which included the Bruceton Explosives Research Laboratory.
Edwin McMillan and Bethe strongly recommended that Kistiakowsky
be asked; Rabi suggested hiring him as a consultant and bringing part
of Division 8 to Los Alamos. Charles Thomas of Monsanto Labora-
tories, who was then coordinating studies of plutonium chemistry at
Los Alamos, Berkeley, Chicago, and elsewhere, offered to sound Kisti-
akowsky out informally. The board also discussed expanding the ex-
perimental'study of implosion test shots, including, as Bethe suggested,
X-ray photography.?

Further shaping of the expanded implosion program continued in a
conference of the scientific staff on 1 October 1943, attended by Oppen-
heimer and Parsons. Neddermeyer spoke about the existing program
centered on cylindrical experiments using small charges - the program
whose usefulness von Neumann questioned.!!

Neddermeyer then proceeded to draft a plan for a more ambitious
program, dividing it into what could be accomplished in one month -
“work on copper cylinders and spherical shells, including measurement
of working stress by calorimeter methods, time measurements and tests
of small cylinders of tuballoy, photographic observations”; in the “future
and partly paralleling” the work in the first month - “covering X-ray
observations with small hemispheres and large charges and full scale
tests with steel spheres and hemispheres with large charges”; and, fi-
nally, “model experiments on blast effects” requiring “from 2 to 4 extra
people, depending on the extent of the program.”?? At this point, the
Los Alamos scientists could hardly have anticipated the difficulties Los
Alamos would later face in actually building an implosion bomb.

Meanwhile, at the National Academy of Sciences in Washington D.C.,
von Neumann was exploring the effects of an implosion in different ge-
ometries and the means of imparting high velocity to a large mass by
means of shaped charges. He pointed out, as Paul Fine reported in
a memorandum to Tolman, that one could extrapolate from small-scale
blast experiments “at the place where the limit of damage of a given kind
is reached. There the effects are the same for large and small charges.”
He felt that spherical charges “had possibilities. At any rate, the ratio
of explosive to mass of projectile was about right in those cases.” Fine
further reported: “I asked him about the plan that was once consid-
ered for having some computers work here. He said that he did not see
the need for extensive calculations until a better understanding of the
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fundamentals is achieved.”!® Von Neumann also suggested a program
of experiments on a “two to ten millionth mass scale,” to be done at
Woods Hole, Massachusetts, over a two-month period under E. Bright
Wilson and continued his discussions on implosion with Teller in a series
of letters.!*

Rapid preparations for an expanded implosion program continued.
On 19 October, a conference of the high-explosives group — including
Oppenheimer, L. T. E. Thompson, Kenneth Bainbridge, Neddermeyer,
Felix Bloch, Streib, Bradner, and Parsons — considered “the whole aspect
of shaped charge work.” The group decided to have small-scale tests
carried out at Aberdeen “in the next few weeks,” while Los Alamos was
setting up for X-ray work.}® An outline of the program prepared on 25
October, presumably by Neddermeyer, covered photographic, X-ray, and
terminal observations, as well as theoretical investigations. Estimates of
the number of staff members required in each category - for example,
five for the X-ray observations {“1 XR, 1 HE chem, 1 XR T, and 2 T”)
and for the development of other methods of observation (“1 crackpot”)
— appear as a handwritten notation.€

At a meeting on 28 October, Oppenheimer summarized for the Gov-
erning Board “the history of the [implosion] method and the reasons for
giving its investigation a high priority at this time.” Commenting on
the efforts of Neddermeyer’s group, he pointed out:

No experiments were done with very large charge to mass ratio . .

Von Neumann was convinced, on the basis of his experience with

shaped charges, that the regularity of collapse would improve as

the ratio of explosive charge to metal mass went up. He also said

that the time necessary for passing from critical to final assembly

was close enough to the time necessary for the chain reaction to

build up so that there is less danger in pre-detonation.!”
The board also discussed implosion of both uranium and plutonium.
Groves, who was present at this meeting, was particularly interested in
the possibility of drastically reducing the quantity of uranium-235 (25)
used in implosion, as opposed to gun assembly, “an extremely impor-
tant consideration from the point of view of the project as a whole.”
The chemists were impressed with the idea of less stringently purified
plutonium-239 (49). “Mr. Kennedy and Mr. Thomas emphasized the
great difficulties presented by the purification problem.”?® As a test,
they planned to prepare 90 percent enriched 25, and Bethe surmised
that “in four to six weeks” the percentage of enrichment needed could
be calculated. John Williams “said he thought an intelligent guess could
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be given on the basis of experimental data in two months, which could be
refined in three months.”!® Groves asked Parsons to bring to the policy
committee meeting, to be held on 3 November in Washington, “a writ-
ten statement explaining the advantages and difficulties of the implosion
method, and including an outline of the organizational set-up proposed
and the personnel needed, if possible with names, and certainly with
the qualifications desired.”?® That same day, Neddermeyer prepared a
“proposed working schedule for starting the HE program as it was laid
out on 25 October,” which was to include designing structures for X-
ray work, the casting of large charges, procuring shells and miscellaneous
equipment, continuing the interim program on X-ray investigation, mak-
ing photographic observations for engineering of the final models, and
testing.?!

A detailed industrial-like outline of the diagnostic program was in
hand by 29 October: The tasks of Phase A, ending 20 November 1943,
would be to implode “steel cylinders as organization and construction of
future facilities permit,” “design and construct X-ray house,” and “get
3/4" steel hemispheres for X-ray use and implode these in X-ray cham-
ber in advance of mounting X-ray machine to determine fragment hazard
and develop methods to reduce it”; those in Phase B, ending 30 Decem-
ber 1943, would be to “develop X-ray technique and apply it to small
spheres, terminal observations on spheres at several scales and of ma-
terials of interest” to “continue imploding cylinders” to “conduct flight
test of scale model of complete assembly” to “develop X-ray technique
for large charges”; and Phase C, ending 29 February 1944, to “begin full-
scale implosions of cylinders and spheres,” to “refine implosion initiation
on small scale,” to “work on detonation control problems,” and to “con-
duct implosion of reduced scale models of final assembly.” March and
April 1944 were left “for contingencies.” The weight of explosive would
be assessed experimentally. The weight of active material would be de-
termined “as our knowledge of the physical constants and the theory of
the implosion process improves.”??

One week later, at the Governing Board meeting on 4 November 1943,
Oppenheimer reported that “both Groves and Conant seemed very much
in favor of pushing the implosion method ... the only one which offers
some hope of justification for the electromagnetic method” (the under-
standing at the time being that the product of electromagnetic sepa-
ration was' not sufficiently enriched to use in the gun). At Groves’s
request, “a six-month time scale on the development of the implosion
method was made up. It was felt, however, that this was a little op-
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timistic.” The minutes also report that “the X-ray equipment will be
ready fairly soon.” Some of the discussion focused on the implosion of
uranium hydride, and in this context “Birch suggested calling on Percy
Bridgman at Harvard to measure the pressure-density relations up to
a hundred thousand atmospheres without involving anyone else in the
work. He should be able to get an answer in a few weeks.” Indeed,
within a few weeks Bridgman’s studies of hydride samples showed that
the hydride could not be compressed easily.2*

The intensified interest in implosion during the fall of 1943 also stim-
ulated ideas for new diagnostic methods of studying the phenomenon.
For example, the minutes of the 4 November Governing Board meeting
report that “[Bernard] Waldman and [Donald] Kerst have turned in a
report on the use of the betatron,” but it was decided not to develop
this diagnostic method at that time. Robert Serber looked into “the use
of natural sources,” a study that eventually led to the RaLa method (see
diagnostics below).*

Thus the new “fast-implosion” project was adopted “after much strug-
gle and argument ... with over-riding priority late in 1943.”2% David
Hawkins summarized:

There was an immediate transition from a situation in which it
appeared that the problem of implosion could be solved by mod-
est means into one for which there were not even any adequate
experimental techniques. As a result the following year was char-
acterized by a succession of new ideas and applications for the
experimental procedure, and by a rapid expansion of facilities and
personnel .26

Kistiakowsky Joins, and the Implosion Program Expands

In late October 1943, the implosion program was still, as the Governing
Board minutes of 28 October describe, “being carried on by a group of
eight men whose relations with the rest of the engineering division are
rather loose,” and who “have not yet become accustomed to the idea
of large scale operation.”?” Oppenheimer stressed the need to expand
the program with men having “practical experience in high explosive
techniques,” and, furthermore, “to place it under strong leadership.”
He mentioned in this context Kistiakowsky, who “has intimate knowl-
edge and up-to-date experience in this field, general resourcefulness, and
administrative responsibility.”?® By this time, “tentative arrangements
had been made to retain Kistiakowsky as a permanent consultant to this
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work,” but Oppenheimer had not yet tried to hire him for a full-time
position.2?

The negotiations on hiring Kistiakowsky at Los Alamos proved to be
trying. Kistiakowsky was initially reluctant to come, “partly because
I didn’t think the bomb would be ready in time and I was interested
in helping to win the war,” and because he had “what looked like an
awfully interesting overseas assignment all fixed up for myself.”3? On 1
November, Oppenheimer approached Conant to exert influence on Kis-
tiakowsky, informing him of the recent decision to pursue the implosion
with high priority and of the “reciprocal lack of confidence” between
Parsons and Neddermeyer. “We have come to the conclusion that the
only step which offers any real immediate promise is the assignment to
this work of Kistiakowsky .... In fact, unless possibilities exist of which
I have not heard for heading up and staffing the group, I should very
seriously doubt whether the implosion method could be developed in
time.”3!

By late November, Kistiakowsky was deeply involved in organizing
the implosion program. On 26 November, he presented an extensive
“preliminary” outline of the program to the Governing Board. This
program centered initially on experimental studies of small cylindrical
charges, employing flash X rays, flash and rotating-prism photography,
and terminal observations. All would give “substantially the same type
of information.” Extensive experience in both the photographic and ter-
minal observation methods had already been obtained at Bruceton; the
X-ray method, as applied to studies of jets from the collapse of shaped
charges, was described in documents by Tuck and by John Clark and
Leslie Seely (see “The X-ray Method” below). The new fast-implosion
program was thus following the principle of exploring multiple lines of
inquiry, common to many areas of research during World War II. Kis-
tiakowsky wrote, “It is impossible to predict which of these basic tech-
niques will be the more successful.”3?

Kistiakowsky also set down here the basis of a second principle used
extensively in all the Los Alamos programs: to develop extensive expe-
rience on small-scale models and then proceed to larger-scale studies.
As he wrote in late November, “In the beginning all the three research
groups will work on small charges for which the techniques are simpler
and are better worked out, so that more shots can be made each day
and unsatisfactory designs more rapidly eliminated.” For example, some
sixty X-ray shots a week were planned. Kistiakowsky predicted that in
time
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Fig. 8.2. Chemist George Kistiakowsky was head of the explosives division.
LA Photo, LAT 726.

all the three groups will shift to larger charges; the light flash
observations with cylindrical charges will be terminated first, while
the other two groups will collaborate for a time, until eventually
the entire staff will direct its attention to terminal observations
on the full scale charges, for which at present no other suitable
techniques exist. It is deemed more desirable to start firing large
charges only as the result of thorough experience with small ones.
The time and effort involved in assembling, firing, and observing
a large charge are so great that unless reasonable probability of
success exists the shot is not warranted.33

Kistiakowsky made specific staffing suggestions for the implosion pro-
gram: flash photography would be under Streib, “and X (Dr. [Walter]
Koski?) is to replace him in January.” Rotating prism camera studies
would use “equipment designed by [Julian] Mack’s group which will do
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the work”; X-ray study would be under Bradner, with Donald Mueller
in charge of the X-ray machines; and terminal observations would be
“under [Henry|] Linschitz in case of smaller scale program,” with a spe-
cial project related to explosives for the purpose of “development of best
possible techniques for preparation of reproducible charges of known and
controlled properties and of methods of proper initiation of same. Maybe
under [Morris] Patapoff.” Kistiakowsky also proposed a data analysis
project under Streib “to provide a centralized mechanism for correlation
and interpretation of data obtained in the field by the operating crew.”3*

Eventually, Kistiakowsky agreed to become a full-time Los Alamos
staffl member, joining on 16 February 1944 as deputy to Parsons for
implosion.3® The experimental program of E-Division was then subdi-
vided under two deputy division leaders: McMillan, who headed the gun
program, and Kistiakowsky, who headed the implosion effort. In addi-
tion, a new group, E-9, was added under Bainbridge to study full-scale
implosion assemblies and prepare for the Trinity test.*¢

Although the experimental and theoretical study of implosion was
only beginning in this period, certain design features had to be fixed
immediately so as not to bottleneck the delivery program. The approx-
imate weight and maximum outer length and diameter were set once it
was determined that the bomb would be placed in the B-29 bomb bay,
which measured about 5 by 12 feet. The design of the case and tail
of the bomb and its release mechanism could now proceed. In order to
simplify scaling down charges for the diagnostic program, the pit volume
was fixed, as was the size of the bomb and the amount of explosive. The
estimated weight was 5 tons. In addition, a decision was made “to work
towards an assembly of the charge from small segments cast in individ-
ual molds, rather than to attempt to cast the entire charge in the bomb

case.”37

Implosion Diagnostics

By January 1944, the diagnostic program outlined by Kistiakowsky was
operating to determine the crucial implosion parameters of symmetry,
collapse velocity, and compression. In exhaustive studies of test shots,
every possible parameter was varied, including the number of detonation
points, the kind and arrangement of high explosive, and the kind of
material collapsed. Many of the progress reports describing the tests
were pessimistic about the feasibility of an implosion weapon.®® Little
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was learned before the following fall about compression, but significant
data concerning both the symmetry and velocity were on hand by spring.

All three diagnostic programs immediately observed jets in the im-
plosions of spherical or cylindrical shells — tongues or knives of molten
material squirting ahead of the collapsing main shell envelope. These jets
drastically upset the symmetry and caused undesirable turbulence in the
center of the assembly. Another observed phenomenon that reduced ef-
ficiency was spallation, the breaking off of pieces of the imploding metal
at its surface, caused by the reflection of the rapid detonation waves at
the surface. A related problem was that the measured collapse velocity
was smaller than predicted.

Kistiakowsky prepared an ambitious work schedule for March to Sep-
tember 1944 on the basis of X-ray studies, terminal observations, and
flash photography to examine parameters such as the time scale and sym-
metry of the explosion. Rotating prism camera photography of cylinders
would primarily “supply accurate measurements of the acceleration of
the metal and the velocity of collapse in its relation to the charge/weight
ratio.” Under Kistiakowsky’s plan, molds for charge segments would be
“designed and orders for them placed, with emphasis first on reduced
scale models.” In an eleven-page revision of his initial document, he pro-
posed expanding the explosives fabrication sites (in particular Anchor
Ranch and Saw Mill Site), and added a design of the outer case and
“large containing sphere” (later called “Jumbo”), and suggested casting
charge segments.

In a spring 1944 document projecting work during the last quarter of
1944, Kistiakowsky summarized the conflicting optimism and pessimism
of implosion researchers at that time: “During October ... work on
all projects enumerated during the previous months will be continued.
However, if active material is available, the implosion project staff, it is
hoped, will be in a position to recommend a design of the gadget which
will have a finite chance of properly functioning.” For “November and
December,” he projected with tongue in cheek, “the test of the gadget
failed. Project staff resumes frantic work. Kistiakowsky goes nuts and
is locked up.”

The X-ray Method

The “flash X-ray method” had been developed during the spring of 1943
to study shaped charges.®® In this method, single X-ray photographs of
a sequence of identical shots, each one taken at a later moment in the
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shot, produced a “movie” of the implosion, which indicated both the
symmetry and compression.

The flash X-ray method was restricted to small-scale shots; to keep
scattering of the X rays down, the explosive layer could not be made very
large. To allow larger-scale tests, the Los Alamos scientists developed a
second X-ray technique early in 1944, in which features of the implosion
would be recorded by a bank of electronic Geiger counters oriented per-
pendicular to the propagating X-ray pulse. Attenuation of the X rays
by the explosives was less significant in this method because the Geiger
counters were considerably more sensitive than photographic emulsion.
The laboratory would later erect a separate X-ray group to explore this
“counter” method, but technical problems prevented its realization.

At the time X-ray studies began, the implosion group consisted of
Neddermeyer, Bloch, Streib, Bradner, and Mueller, who had recently
joined the project.*® The last three worked on correlating the timing
of the implosion with the X-ray discharge and on modifying the elec-
tronic control and timing of commercial X-ray machines (developed at
Westinghouse). Meanwhile, Parsons was completing the arrangements
for adding to the X-ray group the leading American X-ray physicist, Ly-
man Parratt of Cornell. Parratt visited Los Alamos on 29 November and
arrived as a staff member on 21 December 1943. The next day, Trevor
Cuykendall, Parratt’s colleague at Cornell, joined the X-ray group.

In December and January, the group conducted preliminary studies
on small spherical and cylindrical shells aimed at determining the asym-
metry, state of compression, and time over which the system stayed com-
pressed. Discrepancies of approximately 20 percent between their results
and calculated values of the collapse time underscored the limitations
of the available one-dimensional theory. One transparent problem was
that the timing control of the X-ray machines, roughly +2 usec, was
inadequate, both in setting off the X-ray machine and in synchronizing
the flash X rays with detonations. Achieving sufficiently precise timing
would be the principal challenge between November 1943 and June 1944.

During February, X-ray shots of small spheres repeatedly revealed the
presence of jets, which appeared to arise at the place the Primacord was
attached. Neddermeyer immediately recognized the gravity of this prob-
lem, noting in a 1 March report: “Whether these jets can be eliminated
by improving the symmetry of collapse is not yet known. If not, the
jets may be the source of really serious difficulties.”*! Such jets would
be seen again and again in similar experiments carried out during the
spring and early summer months. The flash X-ray group hypothesized
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that they arose from the interaction of detonation waves and suggested
numerous ways to fix the problem. All aimed at softening the interac-
tion between detonation waves emerging from the individual initiation
points by slowing down their transverse propagation.*?> Delaying tech-
niques were also studied in the terminal observation program using lead
plates and other materials. But whether any benefits at all were accruing
from such {ricks was unclear.

The correlated timing of the X-ray flashes with the shots achieved by
late February was “good to an average deviation ... of about 1.6 mi-
croseconds ... better timing performance than has been recorded from
Aberdeen.” This was still far from adequate for implosion studies. Bain-
bridge’s instrumentation group, E-2, worked to improve timing control
in the X-ray apparatus, but the problem would not be solved until im-
proved X-ray machines arrived in mid-June from Westinghouse.** Dur-
ing April and May, Sergeant Gerold Tenney of the SED, an Austrian
immigrant Ph.D. with experience in medical radiology, added to the im-
plosion tool kit a method of X-raying explosive charges to study their
imperfections.

Like most Los Alamos research groups, the X-ray staff met frequently.
Members of T-Division periodically reviewed the X-ray program; for
example, Victor Weisskopf examined the difficulties having “to do with
the absorption and scattering of the X-rays.” An administrative change
in late June would further the trend toward well-organized collaborative
research in the X-ray program. Kenneth Greisen, a junior researcher in
Williams’s Van de Graaff group of P-Division, replaced Bradner as head
of the Anchor Ranch X-ray research. Greisen would add to the X-ray
program an expanded capacity for theoretical analysis.**

By this time, two significant technical improvements had been made.
Timing control had been refined by installing the new Westinghouse
X-ray apparatus, and symmetry had been improved by using more det-
onation points. Bradner, in his last month as group leader, felt that
“pictures thus far obtained do not justify pessimism concerning the pos-
sibility of symmetrical collapse of spheres.”

During July, Greisen worked on tracing the origin of “nonfundamental
asymmetries.” He suggested using explosive lenses (see Chapter 9, “Ex-
plosives”) and electric detonators to improve the implosion parameters.
And to improve diagnostic approaches, he suggested using pairs of X-ray
machines operating in tandem, increasing the size of the closed chamber
to accommodate larger charges, and combining the magnetic method
with the X-ray method. Because Greisen was especially worried about
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the pattern of jets, the X-ray group made numerous attempts to ex-
plain the underlying mechanism by drawing on the Tuck~Taylor theory
of conical-shaped charges. Zeroing in on the problem of poor detonation
synchronization, owing to the use of Primacord, Greisen argued that
electric detonation was a “most promising method of eliminating the
error in time measurement.” By March 1945 he would be one of the
principal physicists in the detonator program.

Because many X-ray shots were fired in July and August, Greisen cau-
tioned that “to maintain this firing rate, we must make few or no changes
in the type of shots made; this is not in keeping with a research pro-
gram.” Two serious problems were the “difficult shop and procurement
situation,” and “the haste of the program.”*® Distressed by the “paucity
of ideas and suggestions for really critical experiments,” he invited more
suggestions “from such persons as Neddermeyer and Kistiakowsky, or
from the Theoretical Division.” He further suggested that “it would be
good if the ‘audience’ at the Monday morning meetings took a more
active part in the meetings and accepted more of the responsibility for
suggesting and planning experiments, instead of just hearing a report on
conditions and plans as they are.” According to Greisen, other factors
limiting the X-ray studies were “the 1/2 Ib charge size limit set by the
X-ray machines ... the limit of resolution of structure, set by scattering
of X rays, and the size of the focal spot, as well as by the large charge-
to-film distance required for protection of the film.” For such reasons,
the discussions in July and August would turn to methods of supersed-
ing the X-ray program, for example, using a betatron to produce much
higher energy X rays (see betatron method below.)

Photographic Methods

Two photographic techniques developed at Bruceton — flash photography
and the rotating-drum or rotating-mirror method - figured large in the
first year of the implosion program. In the “explosive flash method,”
a series of photographs were taken at particular times, by a simple
“brownie” box-camera, armored for protection. The light source was
a layer or “cap” of argon gas, which would be excited by a shock wave
from an independent HE charge; the light passing through the open
axis of the collapsing cylinder (typically about a foot in diameter and
18 inches long) allowed researchers to photograph the cylinder’s inner
surface.*® Any jets formed at the inner surface would show up on the
pictures. To prevent fogging of the film, the exposure had to be short
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compared with the duration of the flash; precision timing was achieved
using a Primacord shutter, which closed immediately after the beginning
of the argon flash. Although a hemisphere could be photographed in the
same way (e.g., by reflecting the flash), a collapsing full sphere could not,
because there was no hole for the light to pass through. Because only
one photograph could be taken of each implosion shot, this diagnostic
principally reported on symmetry. As in the X-ray method, however, by
photographing a sequence of identical shots at different times, one could
deduce the radius-versus-time curve of the imploding material.

The rotating photographic technique allowed scientists to produce a
continuous photograph of the implosion. The method consisted of leav-
ing the shutter open while the film advanced on a rotating drum, or the
image moved along a length of fixed film by means of a rotating mirror
or prism (the centrifuge prism camera). In both variants, the light ema-
nating from an implosion entered the camera through a slit; the data to
be analyzed was a streak of exposed film. The unusually high relative
speed of the light moving along the film brought the resolving time into
the range of a few tenths of a microsecond, making this technique par-
ticularly helpful in measuring implosion timing. However, because only
slit images were photographed, the technique provided little information
about the symmetry.*”

Neddermeyer’s group had been planning to photograph the implosion
as early as May 1943, but for almost a year the available technology
did not allow them to do so — the flash technique did not begin to
operate until January 1944, and the rotating mirror technique was still
problematic as late as June 1944.%® The original rotating mirror camera
employed a “pyramid” consisting of three mirrors on a rotor, with the
film arranged in a cylindrical track. In the last months of 1943, Berlyn
Brixner and Morris Patapoff tried to photograph imploding pipes using
this camera, but because they were unable to synchronize the camera,
the pictures were extremely poor. Brixner recalls Kistiakowsky being
dismayed by the picture quality, insisting that the camera “had optical
illusions.”*®

Kistiakowsky consequently directed Streib to try photographing the
implosion using A. Wayne Campbell’s explosive flash technique and at
the same time test whether the mirror camera was indeed beset by opti-
cal illusions. Streib and Brixner worked together on this method during
December and part of January 1944. Unfortunately, the flash method
failed on the first few attempts. Brixner recalls that Streib and he “used
to go out on the next mesa every morning, about 2 o’clock when every-
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thing was dead in the lab, and we’d just set up on the field. We went
back to a shelter, fired it and couldn’t get a picture .... I'd develop
the film, it was blank. We’d try again and again.” He also remembers
Kistiakowsky’s blunt response: “Well, neither camera is any good. They
don’t know how to take pictures in this place.”?

On 19 January, Kistiakowsky turned the flash photography problem
over to Walter Koski, who had joined the laboratory on 4 January.’!
Koski was put in Neddermeyer’s group, where he was to work with
Streib on obtaining a silhouette of an imploding cylinder by means of
flash photography. Noticing that in Streib’s arrangement the Primacord
trailed on the ground, Koski hung the apparatus up using string, and im-
mediately he and Brixner were taking successful pictures, measuring the
collapse time, and learning about the symmetry. With the Primacord
trailing, the shock wave velocity had increased and caused the shutter to
close too early. Because it had a much higher resolution than the X-ray
method, the flash technique showed the jetting clearly.’?

At the same time (early 1944), extensive tests showed that the rotat-
ing drum camera was unsuited for implosion studies, because it could
not rotate quickly enough and therefore limited the resolution to ap-
proximately 5 us. Patapoff turned to the rotating mirror camera.®?
After numerous technical problems were resolved, Parsons was able to
report on 1 February, “Actual velocities have been measured on implod-
ing cylinders, using both the rotating prism camera and by successive,
short argon shock-wave flashes.” A series of eight shots of steel cylinders
yielded collapse times of approximately 15 us. Despite “uncertainties of
timing and definition,” he reported that the technique was improving.

The attitude toward the observed jetting grew increasingly pessimistic
as winter turned to spring. In late February, although both photographic
techniques gave clear evidence of the jets, members of the implosion
group still believed that the jetting could be overcome “more or less
completely by further refinement of the mode of initiation of the charge
and of the design of the charge itself.”>* Attempts to eliminate the jets —
for example, by using more detonation points and by placing an air gap
between the high explosives and tamper ~ were still discouraging. Par-
sons concluded in mid-April that “early jet formation is a phenomenon
whose cause and effect must be intensively investigated.”>® Koski car-
ried out this program with determination and precision. In flash pho-
tographic studies of small cylinders (3-inch outer diameter and 1/2-inch
wall, with a 0.92 mass ratio of Pentolite explosive to steel), he correlated
the observed asymmetry “with the blast pattern which is caused by the
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meeting of two detonation waves starting from the points of initiation.”
By this means, he discovered that “the points of greatest compression
in the metal are directly under the blast patterns.”>¢

By late spring, it was obvious that the jetting problems could not
be fixed easily. Neddermeyer wrote in May, “The belief stated [in the
previous report] that the solution to the difficulties could be found by
using a large number of detonation points does not appear to be jus-
tifiable.” Parsons pessimistically reflected at this time: “Early success
of the HE implosion project — which is defined as readiness to use the
first available batch of active material as soon as it is delivered here —
depends absolutely upon good breaks in the experimental programs. For
example, if symmetry is not obtainable in a simply imploded sphere and
if trick techiques must be resorted to, the gadget cannot be completed
by the time usable quantities of 25 and 49 are available.” In a similar
vein, Kistiakowsky summarized in June, “The past month has brought a
considerable clarification of the nature of the difficulties met in attempts
to implode spheres and cylinders symmetrically and at high velocity by
Group E-5, but the progress towards their elimination has been slight
at best.”

Terminal Observations

Terminal observations could be immediately implemented, because, un-
like X-ray and optical photography, they did not depend on elaborate
instrumentation. Indeed, Neddermeyer’s original implosion group had
used terminal observations from the beginning of its implosion research
(Chapter 5). The shots were done in ruts dug in the ground and lined
with steel walls and a cover to confine the fragments; afterward, these
fragments were swept up for analysis. So that researchers could recover
pieces large enough to afford sensible interpretation (ideally, intact im-
ploded spheres) weak explosive charges had to be used. This meant they
had to work under conditions far removed from those encountered in ac-
tual weapons. The jets usually did not form under such circumstances,
because the imploded metal rarely reached the state of liquid flow. The
fact that only the end state, rather than the range of intermediate states,
was observed was a further disadvantage, in that no information could
be uncovered about the roles played by individual factors.

The more extensive terminal observation program under Harry Lin-
schitz and Walter Kauzmann expanded Neddermeyer’s original effort.
Explaining their method in February, Kauzmann and Linschitz favored
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three techniques: (1) simply looking at the recovered fragments; (2) not-
ing any liners and cores attached to spheres; and (3) etching and met-
allographic study of the products, to explore the effect of implosion on
the internal fiber or grain structure of the imploding material. The pro-
gram focused on macroscopically visible structures, because microscopic
structures were far more tedious to observe and were not considered
more revealing,.

By January, terminal observations had identified a number of factors
that might be responsible for the asymmetry, and the group planned
to study them using low-power explosives: a mixture of Pentolite, pow-
dered cork, and nitroguanidine. (Robert Wilson recalls that during the
war, the Los Alamos scientists in fact referred to almost every explo-
sive as pientolite “after the Russian manner of pronouncement used by
Kisty.”)®" Experiments would measure jet velocities by inserting plugs
of material having different densities into openings made in the wall of
the imploding metals; the plugs, which would propagate with the jet,
served as markers of particular places in the imploding metal.

One observation reported in late February was that the sizes of implo-
sion fragments “seem definitely to depend on the number of detonation
points,” and “the percentage of recovery of fragments seems to go down
rapidly if shots are made in the open and if mass ratios are much beyond
the critical.” According to Linschitz and Kauzmann, jets “appeared to
be of sufficient importance in affecting the uniformity of the implosion
to warrant a detailed investigation.” Linschitz presented the overall pic-
ture as seen from terminal observations at the end of March in a report
that broke down the main forms of asymmetry into three categories:
“Jets,” “folding,” and “shear.” He hypothesized that at the root of the
problem was “the need for a finite number of initiation points, and the
finite time required to complete the detonation.” As in the other di-
agnostic programs, various tricks were tried to increase the symmetry,
such as placing wooden blocks at places where detonation waves met.*®
By this time, the main emphasis of the terminal observation program
had turned to the “use of thick charges of tamped explosive, with TNT
or tetryl ... having an explosive density from one-half to two-thirds the
normal density of cast Pentolite or Composition B.”

The analysis was clearly suggesting that many more detonation points
should be used. The principal results of increasing the number of det-
onation points were that “the degree of collapse increases regularly,”
and “the regions of interaction of detonation waves on the surface of the
sphere widen out very appreciably and show pronounced wide bands over
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which the shell is uniformly ‘etched.”” This pattern suggested “spread-
ing out of the high pressure region at the intersection of the detonation
waves.” Patterns observed on the outside could be used to check the

uniformity and timing of the initiators.*®

RalLa Method

On 1 November 1943, Serber conceived of a novel procedure for diagnos-
ing implosion based on placing a 4-ray source at the center of a spherical
implosion assembly.®® The emitted v rays would travel outward radially,
through both the collapsing shell and the high explosive. Because in-
creasing compression of the metal caused the 4 rays to be increasingly
absorbed, the emerging v rays, monitored by detectors set around the
high explosive, would provide information on density changes in the col-
lapsing sphere of metal. The data would indicate the time of collapse,
the degree of compression, and the symmetry, by comparing the v inten-
sity in different directions. Whereas the X-ray and terminal observation
methods concentrated primarily on the outside diameter of the collaps-
ing core, this RaLa method (so called, because radiolanthanum would
be used as the y-ray source) would report on the implosion parameters
throughout the assembly. Furthermore, unlike the X-ray and flash pho-
tographic methods, which took single snapshots of an implosion, Serber’s
method would yield a continuous record of the progression of the implo-
sion. Taking into account absorption in uranium, Serber estimated the
necessary v source strength to be of the order of 100 curies.®!

Radiolanthanum-140 (14°La), an isotope having a forty hour half-life
and strong v emission at about 2 MeV, was soon found to be a suitable
source for the new diagnostic. In principle, large amounts of lanthanum
could be obtained from the Clinton reactor at Oak Ridge, because it
was made by the beta decay of radiobarium-140, a 12.5-day half-life
element which formed plentifully (ca. 6 percent) as a fission product
in plutonium production. The radioactive barium-lanthanum pair had
been the basis, five years earlier, of the historic discovery of nuclear
fission. As it turned out, procuring the needed quantities would be a
major enterprise involving many staff members with diverse expertise at
both Oak Ridge and Los Alamos.

Serber discussed the v-ray idea with Bruno Rossi, then cohead with
Hans Staub of P-Division’s instrumentation group, P-5. Together with
James Allen, Rossi had recently increased the sensitivity of large fast
linear ionization chambers to ionizing radiation.’? He immediately rec-
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ognized that the improved ionization chambers would be ideal detectors
for Rala experiments. The variation of the average ionization current
could be recorded by fast linear amplifiers feeding into oscilloscopes. To
achieve adequate time resolution in the chambers, the necessary source
strength had to be upgraded from Serber’s estimate. By 1 December
1943, Rossi was immersed in designing the necessary instrumentation.%®
Plans for preparing radiolanthanum for this new diagnostic were well
advanced at Clinton by late March. Open questions included the size
and shape of the external handling container and the method for pack-
ing and shipping the source. The original plan was to use the barium
parent and lanthanum daughter as a combined source, without separa-
tion, even though only the lanthanum provided the needed v radiation.
In a letter to Richard L. Doan, Clinton’s director of research, Charles
Coryell and Henry A. Levy of the fission products group at Clinton dis-
cussed separating the barium from the fission products of the Clinton
reactor to produce the lanthanum sources required for the Los Alamos
experiments:
The main job is a preparation on a radioactive scale never before
handled, but the chemical and shielding problems are not insur-
mountable . ... We propose to isolate the 12.5-day 14°Ba from pile
irradiated metal nearly at saturation with respect to this chain.
The 14%La will grow in the barium sample in 5.5 days to a max-
imum activity 0.72 times that of the initial barium activity, and
eventually the La 140 will decay with the 12.5-day half-life of the
barium parent.%¢
In the interim at Los Alamos, Parratt systematically investigated the
Rala method, considering whether radiolanthanum was indeed the cor-
rect choice for the source. At a meeting on 8 April 1944, he estimated
that the RaLa method using this material would provide fairly accurate
information about the density of a tuballoy liner, in contrast to the other
diagnostics then in use. Oppenheimer therefore urged those attending
the meeting to “request X (Clinton at Oak Ridge) to provide us with
100 cu [curies] of the active material at regular intervals, starting around
the middle of July.”®® He had already taken steps to procure this ma-
terial, confirming in a teletype to Compton on 7 April, “our request for
radio barium radio lanthanum since detailed discussion has indicated
very great promise in application of this material.” Oppenheimer told
Compton they would “like to have first delivery of about one hundred cu
not before July fifteenth or later than August first.” In the future, they
“should Like subsequent deliveries at three week intervals as suggested by
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Coryell’s memorandum to Doan although precise timing not important.”
For use in preliminary studies of RaLa experiments, he also requested
smaller “deliveries of order of one curie at early date,” adding that “it
would be helpful if radiations from these samples could be similar to
those from one hundred curie lots.” Finally, he informed Compton that
the staff at Los Alamos would “fabricate the container ourselves and
shall arrange conferences between X and Y representatives for discus-
sion of procedures and handling.”®® Compton promptly responded on
8 April, “We see no reason now why the material cannot be supplied
as you request.”®” Within one week, Doan was promising Oppenheimer
one curie of the source material by 1 May and 100 “sometime in July,”
informing him also that “Mr. H. S. Brown is X contact man on job.”%8

To fulfill the Los Alamos request for radiolanthanum, Clinton would
have to construct a special extraction (hot) laboratory and a second
plant for dissolving radioactive irradiated uranium slugs and recovering
barium from the solution. The material would have to be shielded in
lead during its transport across 1,200 miles to Los Alamos, in special
trucks driven twenty-four hours a day.

In this period, chemists were familiar with working with curie quan-
tities of material, but to work with 100 curies concentrated in a “point
source” was unprecedented. Los Alamos chemist Rod Spence remarked
recently: “No one ever worked with radiation levels like these before,
ever, anywhere in the world. Even radium people normally deal with
fractions of grams, fractions of a curie.” Making such quantities into
a point source had its own difficulties. And the means of handling the
sources were both primitive and risky; to protect themselves from ra-
diation, the chemists relied essentially on being far enough away from
the source. By today’s standards, the exposures they received would be
judged unacceptable.

On 10 April 1944, Parratt presented a detailed memorandum on the
RaLa experiment, describing the 2-MeV -ray source, the fast-ionization
chambers, and the recording system. Focusing on the radiation hazard,
he cautioned that, owing to scattering of the radioactivity, “the site of
each shot will be poisoned for an area of some 3,000 square meters,”
an effect that “would prevent a man’s walking or running on the site,
for about six months.” He specified that “a site for each shot must be
selected which is far removed from desired habitations of plants, animals
or humans, so far removed that winds cannot carry the material in dan-
gerous amounts.” Nevertheless, he concluded, “the experiment, for all
its faults, appears to be the best one yet proposed (which does not use
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25 or 49) to determine the final density and the duration of the period
of constriction.” However, when the radiobarium was removed from the
source prior to the actual firings in the fall of 1944 (Chapter 14), the
radioactive contamination at the firing site following RaLa shots was in
fact insigni‘ﬁca,ni:.69

The Rala experimental program would be a prime example of mul-
tidisciplinary research at the Los Alamos laboratory. Various groups
had to pool their expertise: metallurgists and machinists, who furnished
the metal spheres; chemists, who provided the lanthanum; theorists,
who helped with planning (e.g., recommending material, shell dimen-
sions, type of explosive) and calculating +-ray attenuation; electronics
engineers, who designed and built the equipment; and explosives spe-
cialists, who provided the high explosive. Logistics were crucial. To
manage them, Oppenheimer appointed Luis Alvarez head of the RaLa
program.”®

At a meeting on 15 April, Alvarez outlined items that had to be
made or dealt with for the experiments, for example, the ionization
chambers, the amplifying and recording equipment, the equipment and
methods for handling active sources, and the nature of the site, shelters,
and tanks.”® Staub and Rossi were to build the chambers and electron-
ics. Parratt and Weisskopf, who became the theoretical associate for
the RaLa program, examined the scale.”? Kistiakowsky informed Op-
penheimer that Rossi and Staub “will need, during the development
phase of this work, a steady supply of Ra-Ba-La, amounting to about
four to five cu.””® On 26 April, a Rala committee under Alvarez, con-
sisting of Bethe, Kistiakowsky, Neddermeyer, Oppenheimer, Parratt,
Rossi, Emilio Segré, Staub, Teller, Richard Dodson, Gerhardt Friedlan-
der, Lindsay Helmholtz, David Nicodemus, and Weisskopf, formed to
coordinate the experiments.”* To protect the experiments from shock,
and the workers and the site from radiation contamination, Alvarez pro-
posed, one week later, that the work be done in a “mobile laboratory”
made up of several M-4 army tanks, which he had located at Dugway
Proving Ground in Utah.”

By late spring, Rossi and Staub had completed most of the instrumen-
tation. They planned to surround the HE with several sets of ionization
chambers, typically four; just before being destroyed by the explosion,
the chambers would register the signals and send them through ampli-
fiers to oscilloscopes set in a bomb-proof shelter. Two calibration cir-
cuits, one tised before firing and the other after, would be placed in an
underground “firing pit,” located some 15 feet from the firing point. The
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chambers were simple enough in design to be produced quickly and in
necessary quantities, even by the already overburdened machine shops.

Plans for the RaLa experiments further crystallized during May and
June. On 3 May, the Clinton contact Brown asked Alvarez for a design
of the RaLa shipping container, “so that we can proceed with the design
of the shielding and at the same time assure ourselves as to its feasi-
bility from the point of view of the chemical process anticipated.” He
suggested that they meet together soon in Chicago.”® Alvarez waited a
week to respond, for he was just then devising an important modification
in the Rala method.

Alvarez’s new idea was to separate the lanthanum daughter from its
barium parent and use only lanthanum in the test shots. One advan-
tage was that more shots could be performed using the lanthanum ob-
tained by successive “milking” of the longer-lived barium “cow” parent.
Extracting the lanthanum from a combination of several aged sources
would prove important early in 1945, when RaLa material would be in
short supply. A second advantage was that the site contamination re-
sulting from the dispersal of the 40-hour lanthanum would be far less
objectionable than contamination resulting from the 12.5-day parent. A
third advantage, not recognized at that time, was that the long-lived
strontium-90, a fission product accompanying the barium, would be re-
moved, but not the lanthanum. This strontium would have led to dan-
gerous, long-term contamination.

Members of the Governing Board gave Alvarez’s lanthanum milking
idea a positive reception at their meeting on 4 May. To avoid the con-
struction of a new shielded building, they proposed performing the ex-
periments at a sufficient distance from all personnel using automatic
equipment. Later that day, CM-Division head Joseph Kennedy recorded
his concern about shielding the RaLa radioactivity in his diary: “The
beautiful hot labs at X [Clinton] were inadequately shielded against 100
curies. We could not easily build here an adequate hot lab. However, 1
felt that semiautomatic equipment (plus distance for protection) could
be used. I discussed this with Dodson, and we evolved a probably work-
able scheme.” To provide the necessary distance, Alvarez and Maj. W.
A. Stevens selected, on 22 May, a remote steep-walled site for the ex-
periments in Bayo Canyon, about two miles from the townsite.””

Alvarez’s suggestion to separate out the lanthanum also implied that
the size and shape requirements placed on the Oak Ridge product could
be relaxed, because a much smaller amount of total material would be
used. On 11 May, he responded to Brown: “We are now investigating
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the separation of La from Ba. If this can be done at site Y, our problem
will be much easier .... The first curie of La will be welcomed as soon
as it arrives, which we hope will be soon. Size and shape here are not
important but we hope it can be in a small container with a 3-foot string
attached for handling.”"®

On 12 June, Alvarez assessed the preparations for the RaLa experi-
ments and concluded that there were “no obvious bottlenecks which will
prevent the first delivery of Radio Lanthanum from being used in an
implosion gadget.” He also mentioned that “the equipment, except for
that which is expendable, will be installed in 2 M-4 tanks at a distance
of 150 ft.” He described the tanks, which were inspected at Salt Lake
City, as “quite roomy if all equipment is removed.” The tanks were ex-
pected to arrive on 1 July. He also mentioned who would be handling
the various jobs: Helmholtz and Friedlander in Dodson’s group would
take care of the chemical work; Rossi and Staub would design the elec-
tronics and build the prototype; Rossi’s group would build chambers and
preamplifiers, “which are expendable”; and Mack would supply cameras
to record the traces. He also tried to respond in this memorandum to
“the asymmetry difficulties predicted by Mr. Taylor” by outlining a
possible “new type of Ra-La gadget” that would avoid the asymmetry-
producing situation. The British physicist, G. I. Taylor, on his visit to
the Laboratory in May, had pointed out that a light layer impinging
on a heavy one would lead to instabilities (see “Theoretical Studies of
Implosion” below). However, Alvarez noted, “the consensus was that
nothing further should be done [about the instability] at the moment on
this suggestion.”

During June 1944, chemists Helmholiz, Friedlander, and Watkins in
Dodson’s group, C-4, worked out a chemical procedure for separating 100
curies of *La from BaCl;. They proudly reported, “The completeness
of precipitation of the La is 97 to 98%, the net recovery on the filter
about 90%, when the operations are carried out by remote control.”
They planned to place the lanthanum precipitate in a small cone-shaped
source tip and send it to the firing site in a heavy box designed by
Alvarez. There, a technician would extract it by remote handling and,
using a 10-foot-long rod, “like a fishing pole,” place it into a hole in the
center of the imploding system, and afterward insert a closure plug with
the rod. The geometry was chosen so that the inserted source tip and
plug would complete the sphere of explosive and metal.”

Mock-up tests of the anticipated lanthanum-~barium separation went
smoothly. However, the first small source shipment from Clinton, which
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arrived at Los Alamos early in June, was found to contain iron and
other impurities.®® These impurities — which likely originated from the
irradiation of the stainless steel lining of the shipping container - made
the separation of the lanthanum from the barium, by means of phosphate
precipitation, slow and ineflicient, because they caused the precipitated
lanthanum phosphate to form a gel.’! The chemists had to stand ready
to perform the separation immediately after the material arrived at Los
Alamos. Spence remarked ruefully that the shots carefully scheduled
for the afternoon were nearly always performed in the wee hours of the
morning.

On 25 July, Alvarez’s group E-11 fired a preliminary RaLa test shot in
Bayo Canyon, to test the “technique of assembling the charge and det-
onating it in a sort of dress rehearsal,” and of measuring collapse times
and velocities. Alvarez recalled recently that “the separation equipment
was on the rear right-hand side of an army truck, so that after the sep-
aration was done it could be driven away.”%2

The main RaLa shipment, promised originally for 15 August, did not
arrive until mid-September, delaying the Rala program by approxi-
mately a month.®® The first RaLa shot was fired on 22 September.

The Betatron, Magnetic, and Electric Pin Methods

The Los Alamos scientists considered various other implosion diagnostic
methods between November 1943 and July 1944. Three were eventually
realized: the betatron, magnetic, and electric pin methods.®* The beta-
tron method, a diagnostic similar to the X-ray method, but employing
20-MeV v rays rather than several hundred keV X rays, was brought up
in November 1943. Donald Kerst, the inventor of the betatron, pointed
out that using 7 rays madein a betatron, rather than X rays, would make
it possible to study implosion on a larger scale, perhaps even full-scale,
because the scattering and absorption loss in the high explosive would
be much lower for v rays than X rays. However, Parratt and others who
analyzed the suggestion with the idea of using counters or ion chambers
for detecting the v rays pointed out that, because of low intensity, “the
observation would at best be exceedingly difficult and that it was better
to use the 200 kV X ray on a smaller scale gadget.” The idea of using a
cloud chamber as the detector was raised but dropped, because shield-
ing the expensive chamber from the explosion appeared too difficult. In
deference to this skepticism, work on the betatron method was tabled.?®

Seven months later, however, the betatron method was seriously reex-
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amined in discussions following the crisis over spontaneous fission. Kerst
recalls that at a seminar on the implosion program, probably held early
in June, Neddermeyer strongly urged the researchers to improve their
diagnostics. “We kicked around these various things and walked away
from it in groups to our offices ... and we tried to figure out what there
was to the various suggestions that we all had in mind.” Kerst then
revived his suggested betatron method.?¢

The feasibility and possible advantages of the method were debated
on 28 June 1944, at a meeting in Oppenheimer’s office. Rossi wondered
whether the shadow cast by the sphere would be sufficiently sharp. Op-
penheimer concluded that this shadow would be so fuzzy as to require
the use of “many counters, obtaining a statistical interpretation from
the fraction of them which are discharged.” Rossi proposed using ion-
ization chambers, but Parratt noted that a suitable resolution could not
be achieved without severely limiting the size of the chamber. Oppen-
heimer listed other possible difficulties with the design. Using cloud
chambers instead of counters was considered feasible “if the detectors
can be protected from destruction.” The discussion was not conclusive.
Tuck thought that it might be more productive to spend the time it
would take to develop the betatron method on “extending the X-ray
method.”®” Thus, by early July the betatron method was again under
active discussion, but no commitment to developing it had been made.

In the same period that the RaLa and betatron methods were con-
ceived, Joseph Fowler, a “ruddy physicist with a Southern accent” work-
ing in group E-2, proposed an electromagnetic implosion diagnostic.3®
The basic idea was to place the implosion assembly in a static magnetic
field, and, by means of a magnetic pickup coil placed roughly a meter
away from the imploding sphere, detect the mechanical motion of the
sphere.?® The induced voltage in the pickup coil (on the order of 10 mV),
amplified and displayed on an oscilloscope as it changed in time, would
indicate the collapse velocity of the outer surface of the shell. The same
method could also indicate the changing magnetic dipole moment in-
duced in a magnetized collapsing shell. This diagnostic showed promise
of working on full-scale assemblies and indeed would be the only one to
be tried at full scale.

Fowler and his co-workers, especially Roger White, began to plan for
the magnetic method during December 1943. The first shot took place
on 4 January 1944. The main difficulty was in adjusting the oscilloscope
to display the interesting signal; subsequent work focused on construct-
ing a proper amplifier and purchasing a synchroscope from MIT that



156 Critical Assembly

had a long persistent image on the screen. Fowler was optimistic that
the method would soon “get useful records of the implosions.”
Through the remainder of the winter and subsequent spring, Fowler’s

team continued to improve the instrumentation, with help from William
Elmore in P-Division on fast amplifiers. New equipment included a 35-
mm camera for photographing the oscilloscope traces.®® By June, they
were reporting that “implosions of cylinders and spheres, both magne-
tized steel and copper, have given reproducible scope traces indicating
promise in this method of investigating implosions .... The times ob-
tained for the collapse of the metal agree well with measurements by
other methods.” Kistiakowsky wrote in mid-July:

The developmental phase of this method is substantially com-

pleted and the results are most encouraging .... Using copper

spheres in relatively weak fields of some 10 gauss it is possible

to obfain the complete time-radius curve of the collapsing sphere,

to measure fairly accurately the velocity of collapse of its outer

surface and to determine the final radius with some degree of ac-

curacy.
He also pointed out that the magnetic method was “admirably suited
to be used in conjunction with other tests, which (as the flash X rays)
provide good information on the symmetry at a particular instant of
the process, but are very laborious when used to determine all stages
of collapse.” They planned to install magnetic method equipment in
large-scale X-ray and Rala tests. At the 13 July 1944 meeting of the
Technical Board, “it was agreed that this magnetic technique was very
promising and should be vigorously pushed.”®® An electric diagnos-
tic known as the “pin method” grew out of the suggestions of several
researchers, including Otto Frisch, Darol Froman, Peierls, Ernest Titter-
ton, Philip Moon, and Alvin Graves. In this technique metal pins were
erected in the space near the imploding object and connected to circuits.
As the implosion proceeded, these pins were struck and an oscilloscope
displayed accurately timed current bursts. Erecting a series of pins at
the same distance from the imploding shell, one could determine the
symmetry.®? The pin method ultimately gave the most accurate implo-
sion timing information and was particularly useful in studying jets.

Although the available documents do not precisely indicate when the

pin method was first suggested at Los Alamos, the concept was definitely
under discussion before the end of June.??
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Theoretical Studies of Implosion

Extensive theoretical studies supported the experimental implosion pro-
gram. As mentioned in Chapter 5, Neddermeyer’s original E-5 group
developed primitive one-dimensional theoretical implosion models dur-
ing the summer of 1943. After von Neumann’s visit in late September
1943, both he and Teller worked on developing the implosion theory -
von Neumann, working in his National Academy of Sciences office on the
East Coast, discussed the research at length with Teller during visits to
Los Alamos.

Von Neumann’s correspondence with both Teller and Oppenheimer in
the last months of 1943 provides insight into the early theoretical work
on implosion that preceded the more detailed studies undertaken by Los
Alamos T-Division after March 1944. In a letter to Oppenheimer on 30
December 1943, von Neumann elaborated on his “struggling with ‘Phase
B’ -i.e. the pure high-density, incompressible phase.” He hoped “to get
the story at least as far as the disappearance of the central cavity in a few
days,” along with “a better estimate of the continuation in the collapsed
and the rebound - or pre-rebound - stage.” In the same envelope, von
Neumann included two other letters that would be directly relevant to
subsequent pre-Trinity work on Jumbo. One, to Teller, contained von
Neumann’s suggestion of a test implosion within a closed container:

It may be desirable to produce at some future time “fizzles” with
slightly “too small” quantities of active material ... this may be
a method to test a great part of the hydrodynamics, compression,
and nuclear efficiency under much more realistic conditions than
anything else — except the full-size gadget. Such an arrangement
would be of such a low nuclear efficiency as to be a nuclear ex-
plosion which is negligible compared to the imploding HE ... If
this could be confined within a box of reasonable dimensions and
thickness, which would not break, then the active material would
be recovered by washing the inner surface of the box. I believe
now, that a box of the diameter of 10 ft, made of 11 in. armour
plate would do the trick - possibly even a thinner one. The whole
operation would seem very worth while.

By early January, Los Alamos saw the theory of implosion as a prob-
lem sufficiently important to be undertaken systematically by theo-
reticians on the laboratory’s permanent staff. Thus, on 11 January,
the Theoretical Division set up a small implosion group under Teller’s
direction.?® The division was then organized as follows:

1. Implosion — Teller and his group (Konopinski, Metropolis and
Roberg), 2. Gun - Serber and his group (Frankel and Nelson,
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also Richman if needed), 3. Hydride — Feynman with Ashkin and
Ehrlich, 4. Scattering Experiments and Detectors ~ Weisskopf
with Olum and Richman if needed, 5. Effects — Christy, 6. Water
Boiler — Christy and Serber, 7. Radiation — Weisskopf, and 8

Super - Teller and his group.®®

Teller took action immediately. Three days after the implosion group
was set up, he sent Kistiakowsky ten detailed suggestions for cylindri-
cal test shots: (1) use long enough cylinders so as to make end effects
negligible in the interior; (2) work with materials that on collapse retain
“well defined and smooth” surfaces; (3) measure accurately the position
versus time of the inner as well as outer cylinder radius; (4) select a small
ratio (such as three) between the initial wall thickness and inner radius;
(5) in the interest of drawing conclusions “about the acceleration due to
the forces to which the outer wall of the cylinder is subject at various
times,” conduct “experiments on the time dependence of the pressure
of the exploded gases on a metal plate”; (6) make observations on the
expected deviation from cylindrical symmetry in the “short time before
the inner radius becomes 0”; (7) explore various ratios between the ex-
plosive mass and cylinder mass, stressing that “the main interest lies in
the region where the mass of the high explosive is greater, preferably
more than twice as great as the mass of the cylinder”; (8) investigate
various cylinder materials, varying both the density of the cylinder and
its compression; in addition to iron, uranium, and aluminum, consider
lead, as well as “one solid which is particularly highly compressible”; (9)
look at “cylinders composed of two concentric layers of different mate-
rials”; and (10) consult frequently with Emil Konopinski and Nicholas
Metropolis, who have begun “calculations on the behavior of cylinders
during implosion,” to inform them “about the dimensions and materials
of the cylinders for which calculations should be made, and also for the
purpose of fast evaluation of the experimental results.”

From a theoretical point of view, fast implosion seemed more efficient
than gun assembly, but the details were yet to be developed. Teller’s
group focused first on calculating the time of assembly for large amounts
of high explosive. Initial calculations showed that one could assemble a
device in times not much longer than nuclear chain reaction times, ruling
out the threat of predetonation and making real the possibility of initia-
tion by using the neutrons arising from impurities. The pressures in fast
implosions were calculated to be in the range of millions of atmospheres;
these would compress the material, decreasing the mean free path of the
neutrons and therefore the critical mass. The initial experimental work
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on the compressibility of various fissionable materials, subcontracted to
Bridgman at Harvard, supplied the data needed to calculate theoretical
equations of state. In order to extrapolate equations of state to very
high densities, Metropolis and Teller introduced the simplification of
describing the electron distribution in the matter by the Thomas—Fermi
approximation, well known from atomic theory. Later, with Richard
Feynman, they improved the calculations to include relativistic effects;
the Feynman—Metropolis—Teller equation of state for uranium and plu-
tonium was subsequently used in all hydrodynamic calculations.®®

However, a major problem was that the partial-differential hydrody-
namic equations employing realistic equations of state applicable to high
temperatures and pressures were insoluble by hand computation. This
difficulty stimulated attempts to devise simplified equation-of-state mod-
els. Von Neumann suggested a “multiphase model” in which the system
is divided into various phases in which the state changes discontinuously
from phase to phase.’” However, as Bethe commented in February, the
theorists encountered “unexpectedly great difficulties” using this model.
He also mentioned that some ten machines were on order from Interna-
tional Business Machines (IBM) to help in calculating critical masses of
odd-shaped bodies. Following a visit by Peierls that month, T-Division
began using these punch-card machines on a large scale to solve the
implosion hydrodynamic equations.%®

Peierls, who was then working in New York City on the diffusion
method of separating uranium isotopes, visited Los Alamos from 8 to 10
February 1944. The expressed purpose of the visit was to consult with
Oppenheimer, Bethe, and Chadwick on “what parts of the work now
being carried out in Britain should be continued.” Its main result was
an agreement that “British analytical work on critical masses, multiph-
cation rates and efficiencies could best be discontinued,” and “that their
work on the optical analogy [explosive lenses] ... might profitably be
continued and should preferably be transferred to this laboratory [Los
Alamos].” They also agreed that the detailed numerical calculations on
the blast wave now in progress in Britain should be continued for some
time as a “reliable check.”

Peierls’s visit had two fortunate implications for the implosion pro-
gram. First, in discussing with Bethe how to solve the implosion dif-
ferential equations and upon learning about the expected use of the
IBM machines, Peierls pointed out that a step-by-step method of solv-
ing differential equations that he had developed earlier for blast wave
calculations in air could be applied using the new machines. The Los
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Alamos implosion equations were of the same form as the blast wave
equations.?® Bethe and Oppenheimer recognized the potential value of
this suggestion. Oppenheimer informed Groves on 14 February that
“the methods used by the British for integrating the blast wave equa-
tions in all their complexity are applicable to the physically different but
formally similar problem of the hydrodynamics of implosion .. . [We]
are planning to attack the implosion problem along these lines with the
highest possible urgency.”!°® By late February, T-Division was calcu-
lating the initial conditions for numerical integration of the implosion
differential equations using Peierls’s precedent on the IBM machines.

The second important implication of Peierls’s visit in February 1944
would be realized five months later, when Bethe replaced Teller with
Peierls as head of the theoretical implosion group. During March 1944,
Bethe reorganized T-Division to meet “the great and increased urgency
of the implosion program.” He himself assumed “special responsibility
for the work on implosion,” although nominally Teller remained head
of the implosion group. As Bethe reported in March, “a large part
of the efforts of the entire division” was now aimed at “preparation of
the numerical integration of the implosion hydrodynamics on the IBM
machines.”

Bethe also acknowledged receipt of the IBM machines on 4 April,
mentioning that, with the help of Peierls, who was not yet a Los Alamos
staff member, the machines had been put to use in implosion calcula-
tions. Stanley Frankel and Eldred Nelson were assigned responsibility
for the IBM calculations. To check the program, Metropolis and Feyn-
man made parallel calculations using hand-operated Marchant machines,
staffed by a group of women who were part of the work force of the labo-
ratory. Like the components of a computer, each carried out a particular
step. Feynman later explained: “We worked out all the numerical steps
that the machines were supposed to do — multiply this, and then do this,
and subtract that.” He recalled, “She was the multiplier, and ske was
the adder, and this one cubed, and we had index cards, and all she did
was cube this number and send it to the next one. We went through
our cycle this way until we got all the bugs out.” This human computer
actually developed speed — the same as that predicted for the IBM ma-
chines. But as Feynman noted, “the IBM machines didn’t get tired and
could work three shifts. But the girls got tired after a while.”!?!

By the end of April, Bethe could report optimistically:

The calculations had progressed almost to complete collapse of the
sphere . ... The plans for treating the shock wave contemplate the
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use of two different methods; namely, 1) von Neumann’s mehod

of thermal agitation and 2) Peierls’ method of treating the shock

wave classically. The latter procedure is now being worked out by

Metropolis and is expected to be no more complicated than von

Neumann’s except insofar as it will require some hand calculations

going parallel to the machine calculations.1%?
The calculations were beginning to reveal new quantitative and quali-
tative details of how implosion would occur. One month later, work
on “IBM problem 1,” “the first quantitative results on implosion,” were
described in Bethe’s monthly progress report as “very satisfactory as
regards density and duration of high densities.” These “very favorable”
results, discussed in greater detail in June, represented “the first numeri-
cal integration of the hydrodynamics of implosion.” Bethe also discussed
in this later report the efficiency of metal and hydride gadgets and the
possibility of increasing the efficiency using a “modulated source which
will become active only at the time of collapse ... (or) a weak source
which will give a certain probability to detonate only after complete col-
lapse.” He cautioned, “It should of course be borne in mind that these
results are only valid if the high initial velocity can be reached and if at
the same time the implosion is symmetric.”

A grim British judgment fell on the implosion program in late May.
During a visit to Los Alamos on 24 May, the eminent physicist Geoffrey
I. Taylor questioned the stability of the interface between core and tam-
per in the implosion assembly. Whereas the interface between a light
material and a heavy one is generally stable if the heavy material is
accelerated into the lighter, in the opposite case in which the lighter is
accelerated into the heavier, he observed, the interface becomes unsta-
ble, much as fresh paint drips from a ceiling. Thus, although an ordinary
untamped implosion might be stable, one in which a heavy core is pushed
by a tamper having smaller density would not be. Morever, as Bethe
noted, “the expansion of a gadget in the nuclear explosion should in gen-
eral be unstable ... (and) have considerable influence on the efficiency
obtainable from a gadget which will almost certainly be lowered by this
effect.” Peierls recalls that Taylor’s assessment of stability “worried us
right to the end.”

As a result, Taylor forced the Los Alamos theorists to become more
cautious in designing the implosion system. The tamper sphere was
redesigned in the summer of 1944.1%3 In September 1944, Christy carried
this approach to the limit in proposing a solid configuration for the metal
components of the implosion system.
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In the spring of 1944, administrative difficulties compounded the prob-
lems facing T-Division. To the great annoyance of both Bethe and Op-
penheimer, Teller, head of the implosion theory group, was working less
and less on implosion and increasingly on the thermonuclear bomb, the
Super. Both Bethe and Oppenheimer had given the Super low prior-
ity, because there was no chance of developing this weapon for use in
World War II. Meanwhile, implosion was rapidly becoming a first prior-
ity, particularly with early news of the high rate of spontaneous fission of
plutonium observed by Segré’s group (Chapter 12). At the exasperated
Bethe’s request, Oppenheimer in June moved Teller out of T-Division
and made him head of an independent group principally aimed at the
Super (Chapter 10). In Teller’s place, Bethe put Peierls, whom Bethe
had known’since the late 1920s, when they studied theoretical physics to-
gether under Arnold Sommerfeld in Munich. Peierls joined Los Alamos
on 3 June as a member of the British Mission.?%*

At this dramatic moment in the implosion program, the laboratory
had to face the crisis stemming from spontaneous fission in reactor-
produced plutonium. The outlook on implosion was extremely gloomy.
Although Bethe could report that “the case of a perfectly symmetrical
implosion is now fully understood,” the evolving diagnostics, combined
with Taylor’s pessimistic considerations, indicated that this idealized
situation would be difficult, perhaps even impossible, to achieve.
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New Hopes for the Implosion Weapon:
September 1943 to July 1944

Two developments in the spring of 1944 offered hope for overcoming the
asymmetry problems of the implosion weapon. The asymmetry arose in
part because the detonation waves diverging from the various initiation
points met and interacted to produce small regions of markedly increased
pressure. Furthermore, the multiple detonations of the surrounding ex-
plosive were not adequately simultaneous. The first problem would be
dealt with by the three-dimensional explosive lens, suggested by James
Tuck in May and given its basic design by John von Neumann. The sec-
ond problem could be solved, as Luis Alvarez had suggested in May, by
replacing the original inherently variable Primacord detonation distribu-
tion systems with electric detonators of highly superior reproducibility,
thus providing a means of achieving adequately simultaneous detona-
tion at several points. Developing and producing practical explosive
lens and electric detonator systems would require a concerted research
and development effort right up to the Trinity test in July 1945.

In view of these difficulties, it seemed wise to try testing the device.
The decision to do so was made early in 1944. By the fall of that year,
the site selection committee had fixed on the Jornada del Muerto region
of south central New Mexico.

* This chapter is based on a draft by Lillian Hoddeson, to which Les Redman con-
tributed a piece on explosives and Paul Henriksen the section on the decision to
test the implosion device. We are grateful to Gordon Baym and Redman for their
detailed editing of this chapter.
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Explosives

The research and development of high explosives — materials that deto-
nate at supersonic speeds by a process involving chemical reaction and a
shock wave — was {arguably) the most pivotal and problematic compo-
nent of the implosion program. At the start of World War I1, the study
of high explosives was still in its early stages. The wartime program
would contribute to it substantially.

The history of “low” explosives that deflagrate or burn extremely
rapidly, such as black powder, dates back to at least A.D.1200. Doc-
uments from that period reveal that fireworks and black powder were
known to the Chinese and Arabs. Roger Bacon recorded a formula for
black powder in A.D. 1249, which was probably based on Arabic sources.
The discovery around A.D.1300 in both China and Europe that black
powder could do mechanical work in guns was a milestone. Various indi-
viduals in England, Germany, France, and other countries experimented
on the proportions of ingredients most desirable for use in guns, and by
1900 most countries had adopted the ratio used today (15 parts salt-
peter, 3 parts charcoal, and 2 parts sulfur). Smokeless powder, based on
nitrated cellulose or guncotton, came into use in the latter half of the
nineteenth century. Nitrocellulose was also used in blasting. Double-
base propellants, guncotton plus nitroglycerine, were developed in 1888
and found extensive use in Europe. However, the United States contin-
ued to use-guncotton alone as the base for smokeless powder.

“High” explosives, which are characterized by much higher “brisance”
(shattering power), were discovered more recently. Nitroglycerine (glyc-
eryl trinitrate) was prepared in Italy in 1846; a powerful high explosive,
it was too sensitive to shock for extensive applications. Twenty years
later, in Sweden, Alfred Nobel stabilized nitroglycerine by absorbing it
on diatomaceous earth (kieselguhr). His work gave rise to a series of
dynamites that are still in use. Trinotrotoluene (TNT), used for half a
century in the dye industry, became generally available after 1902 when
an economical process for its manufacture was developed in Germany.
Thereafter, TNT was adopted worldwide by the military.!

During World War II, interest turned to two more powerful explosives
with a high melting point: PETN (pentaerythritol tetranitrate) and
RDX (sym- cyclotrimethylenetrinitramine). Both would play special
roles in the Los Alamos explosives program. PETN, a relatively sensitive
secondary explosive developed for military use between the World Wars,
was used commercially as a booster explosive in blasting caps.? At Los
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Alamos, PETN’s most important application would be in bridgewire
detonators.?

Research Department Explosive, or RDX (referring to the Research
Department at Woolwich in the eastern part of London), a compound
first prepared in Germany before the turn of the century and known as
Cyclonite in the United States, was much more readily manufactured
than PETN. It had come into general use by the time World War II
began. This explosive, although more potent than TNT, was initially
considered too difficult to synthesize and also too sensitive for military
use. By the beginning of World War II, however, a number of British
researchers working under the auspices of the Advisory Council, took up
study of RDX. Shortly afterward, such study took hold in the United
States, where the high explosive of primary interest at the time was
PETN.*

Over the next few years, the United States built an RDX manufac-
turing plant, the Wabash Ordnance Plant in Indiana, which employed a
direct nitration (Woolwich) process. Several university laboratories also
worked on methods of synthesizing RDX. Notable success was achieved
at the University of Michigan by Werner Bachmann, who put together
the elements of the British Woolwich process with acetic anhydride.
The Bachmann method produced twice as much RDX from a charge
of hexamethylenetetramine as did the Woolwich process. Subsequently,
the Holston Ordnance Works of Tennessee Eastman (a subsidiary of
Eastman Kodak, then the leading manufacturer of acetic anhydride)
in Kingsport, Tennessee, developed Bachmann’s method as a continu-
ous process. John Russell, a Los Alamos explosives specialist, who had
worked in the early war years at Tennessee Eastman, remembers Bach-
mann as “a test-tube-and-beaker guy ... a laboratory chemist working
with minute quantities.” At Tennessee Eastman, they scaled the process
up by using “huge pumps and tanks”; as the largest RDX plant in the
world, the Holston Ordnance Plant ultimately produced some 15 pounds
a minute in each of twenty reactors. This gave 300 pounds per minute
of the most powerful explosive available for practical use in World War
s

Research on high explosives was the explicit mission of the Explosives
Research Laboratory under Division B of the National Defense Research
Committee (Chapter 5). The development of RDX was one of the gen-
eral missions of Division B.% Neither the military nor industry had yet
needed, or conceived of, high precision in their use of explosives, and the
subject of explosives had drawn little scientific attention. ERL’s head,
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Kistiakowsky, was one of the few American scientists in the early part
of World War II to recognize that high explosives could be made into
precision tools. Pioneering explosives research by ERL scientists was to
be pivotal to the implosion program.

The basic studies of explosives at ERL between 1942 and 1944 in-
cluded experiments on the fragmentation of shells, shaped charges, and
cavity jets.” Other research was concerned with the physical properties
of such particular explosives as Comp B,® the effect of various wrap-
pings on the behavior of explosives,® studies of the effects of different
preparations of high explosives,'® explosion initiation,!! tracers,!? and
the determination of detonation temperatures for various explosives.!?
Although it was the leading American group conducting explosives re-
search in the early part of World War II, ERL was a relatively small
operation, with groups of four to ten people working in buildings only
about 16 feet square.l*

Hiring Kistiakowsky gave Los Alamos direct access to the ERL stud-
ies. Several Bruceton researchers transferred to Los Alamos, among
them Henry Linschitz, who arrived in mid-November 1943, and Walter
Kauzmann, who arrived a month later.?® In July 1944, the Bruceton
program would be joined formally to Los Alamos with the formation
of “Project Q,” based at ERL under Duncan P. MacDougall, George
Messerly, and Eugene Eyster. MacDougall, who had joined Bruceton in
January 1941, was then its deputy research director; as head of Project
Q, he would periodically visit Los Alamos to coordinate research at the
two laboratories.!®

ERL procedures entered the program along with ERL staff. In his
postwar history of the Los Alamos implosion program, Kistiakowsky
lists three constraints he transferred to the explosives program: to limit
HE fabrication to pieces of about 100 pounds, for safety, ease of han-
dling, and to aid in achieving needed homogeneity; to use only explosive
chemicals that were already in industrial production, so as to avoid pro-
curement difficulties or delays; and to make components by casting HE
slurries, rather than by pressing.

Like every component of the implosion program, the Los Alamos ex-
plosives effort began as a small enterprise. Housed at Anchor Ranch,
the program encompassed the production of uniform Pentolite castings
at a small plant, as well as quality control, employing X rays and density
measurement.!” Although workers at other laboratories had not expe-
rienced difficulties in detonating small (1-1/2-inch-diameter) cylindrical
charges of Pentolite, researchers at Anchor Ranch soon ran into wor-
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risome and unexpected failures in detonating higher-density Pentolite
reliably, even when great care was taken in preparing the explosives.!®
Subsequent studies underlined the fact that existing knowledge of high
explosives was inadequate for the implosion problem.

As the explosives program expanded, Anchor Ranch, which housed the
gun program as well, became seriously overcrowded and the Governing
Board, in early December 1943, authorized the development of Sawmill
(or S-) Site, to provide more physical space for the explosives program.!?
Originally scheduled for completion in February, with full operation in
April 1944, S-Site came into partial use during May 1944.2°

David Busbee, a Naval Ordnance civilian whom Parsons brought to
Los Alamos to head explosives manufacture, designed the first S-Site
plant. Unfortunately, Busbee and Kistiakowsky did not see eye-to-eye
on S-Site. Kistiakowsky later recalled: “The issue very soon became
who, Busby [sic] or Kisty, knew more about explosives. Busby was a
little difficult because when you disagreed with him about what was
safe and what was unsafe, he would say ‘and have you ever picked up a
man on a shovel?”.”?! Reflecting the beliefs of Parsons and following his
own naval ordnance concepts, Busbee built a small plant directed toward
pouring large castings for the full-scale implosion assembly. However, as
Kistiakowsky knew from his NDRC experience, such castings did not
reach adequate homogeneity levels and were unsafe to handle. It was far
better to make many small segments of 100 pounds or less. A hemisphere
of Comp B for the nonlensed design of the period would have weighed
about a metric ton; such a massive piece could only be handled by heavy
equipment, and even then it had to be cast into a sturdy structural shell.
Kistiakowsky recalls that the first S-Site plant “was a monstrosity from
our point of view,” and “never used afterwards.”?? A few cylinders of
Comp B, ranging from 30 to 500 pounds, were cast using the original S-
Site equipment during the wait for equipment appropriate to implosion
research.??

S-Site was almost ready to begin production by mid-June, but it did
not yet have the necessary equipment and personnel to bear the work
load dictated by the implosion diagnostic program. Staffing consisted
largely of SEDs, because men experienced in explosives casting or han-
dling were almost impossible to find. Nevertheless, in August, with the
Anchor Ranch casting room still responsible for casting Pentolite,>* S-
Site turned to casting small components of Comp B and various special
explosives, including Torpex and Baronal.?®

The most challenging and decisive problem for the Los Alamos explo-
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sives program was to develop the explosive lens, a device composed of
explosives that was shaped so as to focus the explosion. Previous work
on such a device had been done in England by Tuck, who joined Los
Alamos in May 1944 as a member of the British Mission. He had al-
ready been thinking about how to focus detonation waves using different
explosives, and he brought these ideas to Los Alamos. By the end of
the first week of June, Tuck was head of an experimental X-ray program
devoted to studying such explosive lenses.

Various attempts had been made to develop two-dimensional explo-
sives lenses before Tuck introduced the concept of the three-dimensional
explosive lens to Los Alamos. In England, eight months before Tuck’s
proposal, M. J. Poole prepared a complete description of a crude two-
dimensional lens to generate a plane detonation wave.?$ Tuck, as a sci-
entific assistant to Lord Cherwell, Churchill’s science adviser, probably
saw Poole’s report on this lens before coming to the United States.??

About six weeks after Tuck arrived in Los Alamos, Bethe and Peierls
began to search for a suitable design for the slow lens component, but
without success. The breakthrough occurred shortly afterward when
von Neumann proposed a workable design. Elizabeth M. Boggs of ERL
had demonstrated a similar lens scheme somewhat earlier, in a memo
that MacDougall sent to Los Alamos.?®

Explosive lens testing was under way in the implosion program by mid-
July 1944, when Linschitz fired the first two-dimensional lens model. In
August, Joseph Fowler fired the first implosion shot using two lenses;
he took a magnetic record with “encouraging features.” By this time,
Koski, in the photographic program, was reporting on implosion tests
made using explosive lenses, but with unsatisfactory results. Lens con-
struction would be among the most frustrating aspects of the implosion
program (Chapters 15 and 16).

The overwhelming difficulties of preparing accurate lens molds for
casting three-dimensional lenses were obvious by the summer of 1944.
Thus, on 26 June 1944, the laboratory recruited Lt. Comdr. Norris
Bradbury from his Navy Ordnance research post at Dahlgren Proving
Ground, Virginia, to help with lens research.?® Until then, little work
had been done on explosives having low detonation velocities, because
they generally had lower detonation pressures and destructive ability.
Although the ultimate goal was to develop three-dimensional lenses, for
practical reasons most of the experimental work on lenses had focused
on two-dimensional lenses, using terminal observations. Reporting on
studies that had used hand-tamped TNT as the slow component and
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Pentolite as the fast component, Kistiakowsky boasted, “The results to
date have been exceedingly encouraging, in that it has been possible to
produce convergent waves of predicted spherical curvature and in that
two adjacent lenses have been shown to form a single convergent wave
without disturbances at the point where a wave from one lens joins that
from the other.” He complained, however, of “extremely serious prob-
lems in the manufacture of the casting molds with our inadequate shop
facilities and in the casting of intricate shapes of explosives in them.”
Although he thought that “rapid progress [was] not very probable,” he
felt that “the basic questions of lens design and functioning have already
been answered and what remain are the developmental problems only.”

In contrast, Parsons was pessimistic about the explosive lens problem.
“The major problem is this program begins with design and procurement
of the molds . ... Since these shapes are unusual and awkward to cast,
and since nothing but top quality castings can be accepted, it is ex-
tremely optimistic to expect that even the second mold designs will be
fully satisfactory.” He predicted: “As seen in mid-August, 1944, with
extremely good breaks ... this development might be ready for field
test at full scale by February 1945. With reasonably bad luck ... this
development could well occupy most of 1945.”

Nonetheless, Kistiakowsky remained optimistic. In a report in August
he stated, “The problem must be considered as basically solved, even
though the difficulties in the path of their application to the gadget are
many and their solution will require long and intensive work.” This
counterpoint between Parsons and Kistiakowsky on the lens program
would characterize the implosion program throughout the fall and winter
of 1944.

Electric Detonation

Another important component of the effort to solve the asymmetry prob-
lems was the development of consistent electric detonators, on which
extensive work began in May 1944. At the start of World War II, both
industry and the military were well acquainted with the electric det-
onator, or “blasting cap,” a device for setting off explosions invented
by Nobel in the late nineteenth century. In the “bridgewire” version of
such a detonator, a high-voltage, low-current electric discharge would
heat the bridgewire, which in turn set off a small amount of sensitive
primary explosive (e.g., mercury fulminate or lead azide, explosives that
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one could ignite by a glowing wire or gunpowder fuse) penetrated by a
fine bridgewire. In typical designs, the resulting detonation wave would
be amplified by an adjacent small “booster” charge made of a relatively
sensitive high explosive such as PETN or tetryl, and this amplified det-
onation wave would set off the main charge, usually a less sensitive
explosive such as TNT, RDX, or dynamite. A second kind of electric
detonator, the “spark-gap” type, used a spark discharge rather than heat
from the bridgewire to ignite the primary explosive.

Electric detonators were initially ignored in the implosion program,
because the variations in their timing were too large. An additional prob-
lem was that previously they had been used only individually, whereas
most implosion configurations required many simultaneous detonations.
Instead, implosion shots fired in the first year-and-a-half of the Los
Alamos program were detonated by branched Primacord (flexible tub-
ing filled with PETN), which carried the detonation from a single elec-
tric detonator to various points on the high explosive.®® The Primacord
(some 100 m in all for a full-scale gadget) was arranged in a harness end-
ing on a system of tetryl booster pellets arranged symmetrically on the
HE. Even after the crucial advance of May 1944 that would make electri-
cal detonator systems feasible for implosion gadgets, Primacord would
remain essential to the diagnostic programs, because electric detonators
with adequate simultaneity would not become generally available for
experimental shots until early 1945.

Primacord systems used in implosions were problematic. The Prima-
cord often had nonuniform sections, which caused small random vari-
ations in the detonation velocity, on the order of 6,400 m/sec. The
variations prevented the detonations of the booster pellets from occur-
ing simultaneously. Furthermore, variations in the PETN batches used
in producing the Primacord could cause large sudden variations in the
detonation velocity. To eliminate the second problem, Los Alamos ar-
ranged, through ERL, to have the Ensign-Bickford Co. produce a few
spools of Primacord made from a single PETN batch. But small sta-
tistically distributed variations due to nonuniform sections remained a
serious problem.

The news in late April 1944 that British researchers had fired lead
azide spark-discharge electric detonators gave the implosion program
the impetus to replace Primacord with electric detonator systems. Kis-
tiakowsky asked Max Roy, then in Division 8, to obtain whatever infor-
mation on the electric spark detonators was available in England. He
also asked MacDougall at ERL to procure from du Pont a number of
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“SSS Detonators,” then considered to be the best type of bridgewire
electric detonator. He pointed out the need “to make some sort of a for-
mal arrangement” with du Pont, Hercules, Picatinny Arsenal, or some
“other organization familiar with the making of detonators” and asked
Parsons to “decide on the type of contract ... and take the steps to have
such a contract actually made.” Kistiakowsky explained to Parsons that
he considered it “highly desirable ... to use either an entirely electric or,
more probably, a mixed electric and Primacord initiation system,” and
suggested that testing the delays in initiation should be done partly at
Los Alamos and partly at Bruceton. He explained, “While we will be
forced to study actual time delays in detonators, we are not well situated
to make the detonators ourselves, and this part of the job will have to
be farmed out under sub-contract, or in some other arrangement, to an
industrial firm, or to Picatinny Arsenal.”

Parsons immediately ordered several hundred electric detonators of
varying design for experimental use. Kistiakowsky felt that “a total
of 1,000 experimental detonators will be desired in five to ten different
designs, some of which will involve bridgewire, others using specially
designed spark gaps.” At this time, he accepted the generally held be-
lief that only primary explosives could be detonated sufficiently rapidly
and reliably for the implosion program. A contract was drawn up spec-
ifying that the Hercules Powder Company would produce a variety of
experimental detonators for Los Alamos, most loaded with lead azide.
Although this kind of detonator was trouble-free, it was soon superseded
and the contract eventually dropped.

In late May 1944, a series of decisive experiments, conceived of by
Luis Alvarez and conducted by Lawrence Johnston, transformed the Los
Alamos detonator program. Alvarez, another of Lawrence’s “boys” at
the Berkeley Radiation Laboratory, had recently arrived at Los Alamos
from the MIT Radiation Laboratory. Initially he served in E-Division as
Kistiakowsky’s “right-hand man.” Kistiakowsky brought to his attention
the problem of the inadequate simultaneity of multipoint detonations
in implosion shots. Although interested in electric detonators, Alvarez
recalls that at this time Kistiakowsky was highly doubtful that they
could improve the simultaneity.®!

Alvarez was intrigued by the question of how to make electric detona-
tors work in implosions. Examining what was then known about high
explosives and multipoint detonation, he considered arrangement:

I learned a lot about the five regular polyhedra during this pe-
riod. The largest number of points that can be spaced equally
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on the surface of a sphere is twenty, a number corresponding to

the centers of the twenty triangular faces of an icosahedron. The

next largest number is twelve, corresponding to the centers of the

twelve pentagonal faces of a dodecahedron. It’s possible to inter-

leave a dodecahedron with an icosahedron, as Plato showed, to

get the nearly regular faces, alternately pentagons and hexagons.

that shape an object so familiar as a soccer ball.
Alvarez’s problem was to detonate all points electronically with sufficient
precision.?? Alvarez raised the crucial question of whether it was in fact
necessary first to ignite a sensitive primary explosive before detonating
a less sensitive secondary one. Could one not, he asked on or about 25
May, vaporize the bridgewire using the discharge of a powerful capacitor
and detonate the PETN directly by the shock wave produced by the
sudden expansion of the vaporized metal? Alvarez recalls Kistiakowsky
being skeptical of this scheme, but saying nevertheless, “We’ve got to
try anything, so you go ahead and give it a shot.”®3

Johnston, who had been Alvarez’s student and had worked with him
at MIT on radar ground-controlled approach, arrived in Los Alamos on
25 May and agreed at once to try out Alvarez’s idea.’* The first test
employed a simple method of measuring the simultaneity of multiple
detonations. On 28 May on South Mesa on the site of Neddermeyer’s
first implosion shots performed almost a year earlier, Johnston mounted
a 1-foot length of Primacord on a wooden two-by-four, with an electric
bridgewire detonator taped at each end, and a lead block set underneath
the middle portion of the Primacord. (In later experiments, more accu-
racy and better time resolution would be achieved using an aluminum
rather than lead block.)*® Discharging a 1-uf capacitor at 15 kV through
the two bridgewires of the standard electric detonators connected in se-
ries, he set up detonation waves in the two ends of the Primacord. When
the waves collided, the increased pressure from the interaction of the two
detonation fronts caused a crease in the lead just below this point. This
crease would lie at the precise center of the Primacord if the detonators
fired simultaneously, and a 1-usec difference would move the mark off
center by about 4 mm.3®
Johnston recalled recently that the original “shot made a satisfying

report and when I surveyed the damage, I found the plank shattered
and the lead plate 10 feet away. Every little string in the Primacord had
left its impression in the lead and sure enough, there was a deep dark
notch cut about an eighth-inch from the center of the plate,” indicating
a timing difference of 1 usec. By improving the technique, Johnston
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“soon got the high explosives going with less than a microsecond delay
and then all the explosive experts helpfully suggested how to uniformly
load explosives around the bridge wires to improve their performance.”
Soon they were able to set off the appropriate number of detonators
simultaneously to the high degree of precision that was needed.?” Later,
Alvarez’s group would bring the timing spread for a system of several
hundred detonators down to several hundredths of a usec.3®

The importance of Johnston’s results was immediately appreciated at
Los Alamos. Beyond offering a great improvement in timing, the new
PETN detonators were safe from accidental detonation for they con-
tained no primary explosives. This characteristic particularly pleased
Parsons because it allowed one to avoid military requirements for us-
ing mechanical safety gates between the detonators and the explosive
train.3® From an engineering point of view, safety gates would have been
extremely troublesome in the final weapon.

Kistiakowsky then asked Parsons to “obtain for further work a large
supply of the best electric detonators available,” suggesting “that 2,000
SSS DuPont electric detonators, or equivalent short delay Hercules det-
onators be procured through the Bureau of Ordnance with a high pri-
ority.” A research and pilot production contract was drawn up with
the Hercules Powder Company. From this point on, extensive research
would be focused on the electric detonator.?’

To achieve the simultaneous firing of many detonators, Los Alamos
would have to develop an appropriate switching device and high-voltage
power supply. In mid-August, Kistiakowsky separated the responsibility
for the research and manufacture of detonators for experiments, which
he gave to group E-11, from the development of detonators for the gadget
and the development of associated firing circuits, which he gave to group
E-9. He put group E-2 in charge of the design and construction of
electrical timing sets.*!

To move from an experimental detonator system to a production de-
vice, the laboratory would have to arrive at designs for both the deto-
nator and firing circuit and make both components work effectively and
reliably. This effort would take more than six months, and the slow pro-
duction of X units almost delayed the testing and use of the implosion
gadget.



174 Critical Assembly

Decision to Test the Implosion Bomb

The idea of testing the implosion bomb, perhaps prompted by von Neu-
mann’s suggestion to Teller at the end of 1943, had immediate support
when it was raised at Los Alamos in January 1944, even though such a
test could waste precious plutonium. Groves agreed to the test on the
condition that the active material be recovered.

That meant the test would have to be conducted as a scaled-down
explosion in a containment vessel.*?> The problem was, how to build the
container and recover the active material once a decision was made on
the size of the explosion.*® In January 1944, the Governing Board asked
Norman Ramsey, head of the delivery effort, to evaluate methods of
testing the nuclear chain reaction and implosion mechanism, at either
full or reduced scale.**

In a report to the Governing Board early in February, Ramsey argued
for building the containment vessel and moderating the fissionable ma-
terial with hydrogen to scale down the blast. He pictured a test bomb
liberating only twenty to forty-six generations of neutrons, with a chain
reaction that stopped before it could unleash much energy.*® Oppen-
heimer, however, said they could not accurately predict the amount of
fissionable material needed to yield the specified number of generations,
and in any case a controlled small-energy release would not simulate the
thermal effects of the bomb. Instead, he suggested carrying out the full
test in a remote location inside a containment vessel. This vessel soon
received the code name “Jumbo.” Oppenheimer stressed that it would
be easier to predict performance for a full-scale explosion.*®

After Oppenheimer communicated these ideas to Groves, they decided
to proceed quickly with plans for the full-scale blast and with the design
of the container, which was to be ready by September 1944. Although
still not yet agreeing unequivocally to the test, Groves decided in March
1944 to allow laboratory staff to study the possibilities.*” Soon after-
ward, Parsons formed Group E-9 (High Explosive Development) to look
into the specifics of the test, with Harvard physicist Kenneth Bainbridge
as group leader.*®

Initially neither Groves nor Oppenheimer were very enthusiastic about
the test. Groves envisioned a bomb containing only enough fissionable
material to set off a chain reaction, but Oppenheimer thought it would
be too difficult to determine the exact amount of material needed for
such a test. Furthermore, a small yield test would still entail the risks
of a large explosion. Kistiakowsky remembers that in the fall of 1944
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he and Oppenheimer were still trying to gain approval for the test from
Groves, who was grumbling that he would face the wrath of a Senate
committee if he lost a billion dollars worth of plutonium.*® Even after
he had approved Trinity construction plans, Groves wrote Oppenheimer
on 1 November 1944, “I feel that you must limit attention to this to the
absolute minimum personnel and effort by that personnel.”>°

The Implosion Program in Early Summer 1944

Witnessing the tremendous expansion and diversification of the implo-
sion program during the spring and summer of 1944, Oppenheimer and
Kistiakowsky recognized that the program needed a major administra-
tive change. Although Neddermeyer had been just the right person
to launch the small-scale implosion program, his academic style of re-
search management was unsuited for a program involving hundreds of
researchers.’!

On 15 June, Oppenheimer relieved Neddermeyer of his leadership of
E-5, the Implosion Experimentation group, a post he had held since
the start of the Los Alamos Laboratory. Almost apologetically, Oppen-
heimer explained in a letter, “In view of our conviction that the work of
E-5 must be rendered far more effective than it has been in the past and
that this must be done with the highest possible urgency, the only step
which has appeared possible to me is to ask Kistiakowsky to undertake
the direction of E-5.” Oppenheimer informed Neddermeyer that this
change “meets with my full endorsement.” He further explained:

According to this scheme you will be a technical advisor attached
to the division and a member of the steering committee which
determines the H.E. program. I believe that the essential point of
the organization is that you should be in a position where you are

not specifically answerable to anyone, and do not specifically have
authority over any of the three H.E. groups.’?

One month later, Kistiakowsky’s new position as head of E-5 would
fall to Bradbury.®®* On the same day that Oppenheimer relieved Ned-
dermeyer of his leadership of E-5, Kistiakowsky, now associate leader
of E-Division, unveiled the new organization of the implosion program.
The technical advisers, with group leader status, were Neddermeyer and
Alvarez. The HE Steering Committee consisted of Alvarez, Bainbridge,
Kistiakowsky (chairman), Neddermeyer, and Parsons. E-5, the implo-

sion research group, was to be directly under Kistiakowsky, with “Mr.
X, Associate Group Leader (Lt. Comdr. Bradbury?).” E-9, the high-
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explosives development group was to be headed by Bainbridge. E-10, a
new group devoted to maintenance and construction for the implosion
project as well as operation of S-Site, was placed under Major Stevens.
Parsons added in a handwritten note on a copy of this memorandum,
also dated 15 June 1944, “I believe this proposal is the best and most
workable under the circumstances. I recommend its approval.”>*

Technical overviews of the implosion program written by Parsons and
by Kistiakowsky during the summer of 1944 illustrate the ambivalence
with which the effort was viewed at the time. Parsons, ever skeptical,
wrote that the experimental implosion program “must overcome present
handicaps and must make good use of favorable breaks, if the time sched-
ule is to be met.” He lamented, “At present, and more seriously in the
future, progress is impeded by lack of experienced personnel of group
and assistant group leader caliber.” As a military officer, he emphasized
that the engineering development required by the project was

extremely difficult to focus from a point so far removed from cen-
ters of military and industrial control. Two thousand miles of
distance is a factor which is hard to overcome even with adequate
mail, telephone, and teletype communication facilities .... It is
felt that only by repetition of statements like the above can we
be pléced sufficiently on guard to offset the handicaps imposed
by distance, isolation and security. Another major handicap now
imposed by security is the fact that only two top officers of the Air
Forces are now fully informed of this development .... However,
success or failure in this project will depend upon adaptation of
airplanes and tactics to deliver a bomb which is radically different
in characteristics and effect from any hitherto carried.

In discussing the jetting problem, he concluded,

use of Composition B and any practicable number of detonation
points will not lead to a satisfactory solution of the implosion
problem. Avenues now in sight include: a) development of explo-
sive lenses designed to produce a converging spherical detonation
wave, b) preventing interaction between converging waves by use
of lead spacers, ¢) use of aluminized explosives, such as Torpex,
to prolong the positive pressure pulse, and thus increase the total
impulse given to the collapsing tamper. It is obvious that de-
velopments like (a) and (c) above require exhaustive field tests
at several scales, and also require versatility on the part of our
explosive casting and shaping facilities.

Kistiakowsky, although more optimistic than Parsons, was also deeply
worried about the implosion problems. He noted in mid-August, on the
positive side, “The urgency for reaching much higher velocities than
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those previously recorded has been greatly reduced by the calculations
carried out by the Theoretical Physics Division.” Unfortunately, sym-
metry was clearly not being achieved by the fixes of the moment; the
recent study of collapsing spheres showed asymmetries to persist “even
when timing is perfect.” The overall state of implosion research in
the summer of 1944 was discouraging. Theoretical studies had shown
that implosion would be an effective means of assembling the bomb, but
only if the implosion were symmetrical. Extensive diagnostic work in the
X-ray, photographic, and terminal observation programs and recent the-
oretical studies of instability gave little hope that a symmetrical implo-
sion could be achieved in practice. Experimentalists had demonstrated
compression, but to date on too small a scale. The effects of interactions
between divergent detonation waves were considered destructive even in
small-scale systems. Primacord would clearly be unusable because of
timing inconsistencies inherent in the manufactured product. Further-
more, there was not yet any prospect of making the high-explosive part
of such a weapon with adequate homogeneity, and no way yet to see that
proceeding with lens systems and electric detonators would eventually
succeed. Finally, plutonium could not yet be fabricated according to the
design. Indeed, basic plutonium metallurgy procedures were still being
devised, since large-scale batches of plutonium had only recently become
available. With this complexion of problems, the laboratory had to face
the spontaneous fission crisis, which demanded rapid completion of the
implosion bomb.
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The Nuclear Properties of a Fission
Weapon: September 1943 to July 1944

Between the summers of 1943 and 1944, the Theoretical Division, under
Hans Bethe, and the Physics Division, under Robert Bacher, collabo-
rated in studying the nuclear physics of the atomic bomb. T-Division’s
responsibilities included calculating critical mass and efficiency. The
lack of hard nuclear-constant data was particularly troubling. While
P-Division worked to improve the experimental data using available de-
tectors, accelerators, and other devices, T-Division developed flexible
models based on the changing set of available data. To cross-check their
results, researchers often used different methods to solve the same prob-
lem. For example, the Water Boiler, a nuclear pile using enriched ura-
nium in a water solution, provided a means of checking critical mass cal-
culations. As a backup, Richard Feynman made calculations on uranium
hydride, then being considered as a potential active material. Teller’s
investigation of the hydrogen bomb (the Super) was an alternative ap-
proach to & nuclear weapon. The opportunity to conduct physics re-
search on a larger scale than had ever before been attempted gave the
Los Alamos physicists the experience of working in well-funded multi-

* This chapter is based on a manuscript by Catherine Westfall and Paul W. Henrik-
sen, in which Westfall wrote on experimental and theoretical nuclear physics and
Henriksen on the Water Boiler and Super. We are grateful to Gordon Baym for
editing the technical content of the section on nuclear theory, Gary Westfall for
editing the technical content of the section on experimental nuclear physics, and
Les Redman for his general technical review.
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disciplinary groups, which included both experimentalists and theorists,
as well as electronics experts, chemists, and metallurgists.

Nuclear Theory: Critical Mass and Efficiency

In September 1943, T-Division was refining its critical mass and effi-
ciency predictions and calculating the damage the bomb could cause.
Up to this point, the division had remained somewhat informal in its
organization to accommodate changing priorities, but by October it had
begun to subdivide into groups: Bethe took on the problem of implo-
sion, Victor Weisskopf led the calculations of efficiency, Robert Serber
spearheaded diffusion theory, Edward Teller assumed responsibility for
both the Super and implosion, Feynman led the uranium hydride cal-
culations, and Donald Flanders headed the computational effort. In
Bethe’s reorganization of the division in March 1944, Teller remained in
charge of implosion theory, while Feynman’s responsibility changed from
theory of the hydride to neutron diffusion. In June, however, Bethe put
Rudolf Peierls in Teller’s place as implosion leader, allowing Teller to
work exclusively on the Super, a project now separate from T-Division.

Most of the theorists lent a hand in the difficult and crucial task of
modeling neutron diffusion, which was important to both critical mass
and efficiency calculations. This effort had begun at Berkeley before the
start of Project Y, with the extrapolated end-point method, devised by
Stanley Frankel and Eldred Nelson for modeling the movement of neu-
trons in the bomb. But the assumptions were too simplified for anything
other than a rudimentary model: all neutrons had the same velocity,
the tamper and core were stationary, every neutron collision was elas-
tic, neutrons were scattered isotropically, and neutrons in the core and
tamper had the same mean free path. In October 1943, Bethe assigned
top priority to finding a more realistic description of neutron diffusion
through the core of the bomb.! That meant taking into account the fact
that the neutrons had a distribution of velocities, that the neutrons did
not scatter isotropically, and that mean free paths were different in the
tamper and the core.

In an attempt to deal with neutrons with many velocities, the Los
Alamos theorists tried a “multigroup method,” which exemplifies the
trend toward numerical approximation in the theoretical work of this
rushed period. The neutrons were divided into several groups, each con-
taining neutrons of the same velocity. The physics problem was therefore



180 Critical Assembly

Fig. 10.1, Theoretical physicist Edward Teller, carrying young Paul Teller
on his shoulders, speaks with theoretical physicists Julian Schwinger and
David Inglis. LA Photo, LAT 416.

reduced to a series of one-velocity problems. By treating many groups
having small velocity differences, this model could better approximate
reality.

A crucial problem in fall 1943 lay in calculating the critical mass
for the gun assembly. Several approaches were taken, all based on ap-
proximations. Bethe developed a perturbation theory based on differ-
ential transport theory. In another attack on the problem, David Inglis,
Frankel, and Nelson applied variational methods to study critical masses
of long cylinders. They described the spatial distribution of neutrons in
terms of a few parameters and varied the “trial function.”? To check on
their calculations, they compared the critical masses of cylinders with
those of tamped spheres, which could be calculated more accurately. and
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compared variational results with those obtained using the extrapolated
end-point method. That method, to the theorists’ satisfction, generally
yielded excellent agreement, to within a fraction of a percent.

The critical masses of finite tamped cylinders were calculated first by
assuming that the neutron mean free paths in the tamper and core were
the same. But extending the calculations to a weapon having a tamper
and core with different mean free paths proved difficult. Frankel and
Nelson looked, unsuccessfully, for “a simple recipe” to extrapolate inte-
gral theory results for special cases to general mean free paths. By spring
1944, Chaim Richman, Kenneth Case, and Roy Glauber developed ap-
proximate methods for determining the neutron distribution near the
interface of the core and tamper. These solutions were then used to
calculate the effects of differing mean free paths of the core and tamper,
with the influence of shape taken into account by perturbation theory.
When the cylinder in their calculations was replaced by an equivalent
spherical distribution, taken as the unperturbed distribution, they noted
in April that, “the unperturbed distribution already gives very nearly the
right answer.” An important step forward was Robert Marshak’s idea of
solving the neutron Boltzmann equation by expanding the neutron dis-
tribution in a small number of spherical harmonics.? Besides allowing for
more realistic conditions in critical systems, the theorists also calculated
subcritical systems, to determine, for example, the optimum distribution
of material in the target and projectile of a gun assembly and to deter-
mine how criticality varied as the projectile entered the target during
assembly. They also analyzed various autocatalytic systems.*

At Teller’s suggestion, T-Division investigated uranium hydride. On
one hand, this compound and plutonium hydride seemed to have con-
siderable potential as active materials because the presence of hydrogen
would slow the neutrons, cause more fissions in the core, and hence re-
duce the amount of active material needed in a bomb. On the other
hand, they would reduce efficiency because of the slower reaction rates
with slower neutrons. The hope was that the savings in critical mass
would more than offset the loss in efficiency. Unfortunately, the uranium
hydride efficiency was, according to Bethe, found “negligible or less, as
Feynman would say.”® The prospects of the hydride gun grew steadily
worse during the project. By August 1944, interest in the hydride gun
had disappeared.

The breakthrough in calculating the velocity distribution of the neu-
trons came in July, when Feynman’s group developed an exact many-
velocity method applicable to the case of purely elastic scattering. In
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this method, all the cross sections in the core vary inversely with veloc-
ity, whereas cross sections in the tamper remain constant. By compar-
ing the results of this method with approximate several-velocity-group
calculations, the researchers sensed how to make such several-velocity
calculations accurate enough for practical purposes, or at least for the
case of pure elastic scattering in the tamper. With calculations involving
only three or four velocity groups, they were able to include inelasticity
in the scattering. The basic strategy in calculating with more realistic
velocity distributions was, as Bethe summarized, “to reduce problems
involving neutrons of several velocities to one-velocity problems so that
we shall soon be able to give reliable values for the critical mass of metal
with any tamper.”®

As the experimental results improved, the critical mass calculations
were revised. In late September 1943, for example, Fermi in Chicago
provided a more precise measurement of v, prompting a revision of Ser-
ber’s April estimate of the critical mass of a tamped 233U sphere from 15
to 23 kg. Estimates for the critical mass of a tamped 2°9Pu sphere also
increased, from 4 to 10 kg.” In the spring of 1944, the theorists would
be presented with an opportunity to test their calculations empirically
in the Water Boiler reactor, the first critical assembly at Los Alamos.
It used a solution of uranyl sulfate in water, with 14.7 percent 23°U
(see “The Water Boiler” below). As Robert Christy recently recalled,
his original calculations for the critical mass for the water boiler were
“quite far off.” Just before the reactor went critical, however, he per-
formed “a very quick and dirty correction” to allow for new cross-section
data, and the calculation then “turned out to be within a few grams”
of the value, 565 grams, measured in June 1944. Although Christy ad-
mits that the correction “was not very reliable,” the Theory Division
nevertheless “got a great deal of glory” for producing the “right number
before the experiment.”®

By July 1944, Bethe announced further progress in determining the
critical mass of a tamped metal core. Owing to calculations by Serber’s
group for cores and tampers with different mean free paths using Mar-
shak’s spherical harmonic method, both multiplication rates and critical
mass were “completely under control for the case of one neutron group.”
The following critical mass formula emerged:®

M~ A0ONA Dy /(v = 1),
“where A is the mean free path in tamper, A. is the scattering mean
free path in the core and As the fission mean free path in the core.”
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In view of the work of Feynman’s group on taking inelastic scatter-
ing from the tamper into account, and treating several neutron velocity
groups, Bethe was able to write in August: “The problem of neutron
diffusion has now been solved in almost all possible cases .... The main
uncertainty remaining [is] the experimental constants.” Bethe was op-
timistic. “A reasonable assurance about these constants is given by the
agreement obtained,” by comparing tamper scattering results from the
Cockcroft-Walton (“D-D”) group and theoretical estimates. Although
in the last year of the program the theoretical groups would refine their
estimates by extrapolating from sphere multiplication experiments, the
essential problems of calculating neutron diffusion and critical masses
had been solved by the summer of 1944.

A parallel development took place in the calculations of the device ef-
ficiencies. Efficiency was much more difficult to determine than critical
mass, however, because it depended on the evolution of the assembly in
time. Here the breakthrough came at the beginning of the project. As
Bethe recalls, after Serber discussed efficiency in his introductory lec-
tures, he and Feynman returned one evening after dinner to the Techni-
cal Area. Finding few other people around, they fell to thinking about
efficiency and “the physical parameters which matter.” At this point,
they did not know how to solve the complicated diffusion and hydro-
dynamical equations for supercritical systems. “Clearly the initial mul-
tiplication of neutrons [was] very important, and also important must
be the expansion of the material before the multiplication stops” — the
“endpoint” of the expansion. “And I think we guessed” that the rate
of decrease of multiplication during the expansion, assuming known be-
ginning and endpoints of the expansion, would be proportional to the
relative expansion. To fix the overall constant, Bethe and Feynman
used Serber’s result (as given in his lectures) for small excesses over the
critical mass, a case that was relatively simple to analyze. Using this
approach, Bethe and Feynman developed a formula for efficiency.?

T-Division was also concerned with estimating the damage from a
nuclear bomb. Two particularly important issues during the summer
and fall of 1943 were the effect of shock waves in damage calculations and
the optimum height for detonating the weapon. For small explosions,
the damage clearly increases with duration of the pulse of the explosion.
What was the situation for large explosions? Now, as at other times, the
laboratory benefited from the advice of von Neumann. On his visit to the
laboratory in late September 1943, he explained that current nonnuclear
explosions were “just about at the limit at which further increase of the
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duration of the pulse has no further advantageous effect on the damage.”
In an explosion as powerful as a nuclear bomb, the duration of the
blast is much longer than the typical periods of vibration that would
destroy buildings. Thus, in such explosions “only the peak pressure
matters.” Damage would result whenever the overpressure produced by
the explosion exceeded some fraction of an atmosphere. Bethe was able
to estimate from his calculations of the propagation of shock waves in
air that a 10-kiloton (equivalent explosive power of TNT) bomb would
produce an overpressure of 0.1 atm at 3.5 km away from the explosion
and thus would cause severe damage within that radius.

In his September visit, von Neumann made another important contri-
bution, this time to the determination of the height at which the bomb
would be detonated. Explosives researchers knew that when shock waves
were reflected by solid objects, pressureincreased. Von Neumann showed
that this effect was much greater “than previously believed” if the an-
gle of incidence of the shock wave was between 90° and some limiting
angle. Thus, the theorists deduced that “considerable improvement of
the damage radius can ... be expected by detonation at an appreciable
height (1 to 2 kilometers).”

Experimental Nuclear Physics
Organizing the Ezperimental Program

While preliminary experiments were being conducted in the summer
of 1943 (Chapter 5), Bacher was busy making longer-term plans for
P-Division. In view of the imperfect theoretical understanding of the
fast-fission chain reaction, the uncertainties surrounding the available
measuring techniques and their limited accuracy, the shortage of time
available for development, and the serious consequences of a miscal-
culation, P-Division faced a challenging task indeed. Work on critical
assemblies could not begin until more fissionable material was available,
yet it was important to obtain accurate nuclear constant measurements
quickly to help move bomb design along.

When Bacher arrived in July 1943, five P-Division groups had already
been formed: a group under Robert Wilson to perform experiments at
the cyclotron, a group under John Williams to perform Van de Graaff
experiments, a group under John Manley to perform Cockcroft-Walton
experiments, a group under Darol Froman to develop electronics equip-
ment, and a group under Emilio Segre to perform experiments with nat-
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Fig. 10.2. Experimental physicist Robert Bacher was the first head of the
experimental physics division and subsequently of the weapon physics division.
LA Photo, LAT 612.

ural sources, including some on spontaneous fission. In August, Donald
Kerst was appointed to direct work on the Water Boiler, and in Septem-
ber Bruno Rossi was assigned to direct work on detectors. Rossi took
control of a group previously led by Hans Staub.!’

In early August, Bacher made a preliminary list of desirable nuclear
constant measurements. By early September, in the midst of numerous
discussions with both theorists and experimentalists, a six-page, single-
spaced list of proposed projects had been compiled in order of priority.
In many ways, the new plan was an extension of the line of inquiry set
out by Oppenheimer and Manley in 1942. As in the past, consider-
able emphasis was put on developing equipment, primarily improving
detectors. In addition, fission spectrum and fission cross-section mea-
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surements were again given high priority. Oppenheimer and Manley
had already set the precedent of using different techniques to measure
each nuclear constant. With more funding, workers, and equipment,
Bacher planned even more redundancy in the program. The ambitious
experimental program he developed was aimed at quickly producing the
maximum amount of reliable nuclear constant information in the short-
est possible time.!?

The program called for two high-priority fission neutron spectrum
measurements, along the lines of those begun earlier. The photographic
plates made by William Bennett and Hugh Richards in Minnesota to
investigate the fission spectrum were being measured, and new plates
were being constructed. Williams’s group planned to use the Van de
Graaffs as a source of Li(p,n) neutrons for this work.

Emphasis was also placed on obtaining more complete measurements
of 235U fission cross sections from 100 keV to 2.5 MeV, where previ-
ous experiments had shown most of the fission spectrum to Lie. Man-
ley’s group would make 23°U cross-section measurements at the upper
end of the neutron energy spectrum, using the deuteron beam at the
Cockcroft-Walton. Williams’s group would cover the lower end of the
neutron energy spectrum, building on the promising techniques devised
at Minnesota by D. L. Benedict and Alfred Hanson, who was now at Los
Alamos. For this work, they would use the proton beams of the two Van
de Graaffs, which had complementary capabilities — the “short tank”
could carry higher currents while the “long tank” could produce higher-
energy beams. Measurements using natural neutron sources augmented
measurements with the accelerators.!?

Other important tasks were further exploration of the spontaneous
fission limits of various isotopes and the completion and extension of
the study of the neutrons per fission (v) and delayed neutron emission
begun in the summer of 1943. Delayed emission measurements devised
by Charles Baker were expected soon, and work had begun on another
coincidence method conceived by Wilson. They planned a new series
of comparative v(?*9Pu)/v(***U) measurements that also used a coin-
cidence method. Although Groves resisted close collaboration between
Los Alamos researchers and those outside the project, Bacher insisted
that a series of absolute ¥(23°*U) measurements also be performed by
Fermi at Chicago, where a high flux of thermal neutrons was available
from the pile. Bacher, as he recently explained, felt it imperative for the
work to be coordinated so that Chicago slow-neutron and Los Alamos
fast-neutron v measurements “could be tied properly together.”!*
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High priority was also given to work that had previously warranted
only scant attention. Tamper materials would be investigated by inte-
gral experiments that would simulate the scattering of fission neutrons
on various potential dense tamper materials, including gold, rhenium,
iridium, lead, platinum, and uranium. These experiments would use
neutrons from natural sources, from Li (p,n) reactions at the Van de
Graaffs and from D-D reactions at the Cockcroft—-Walton. Plans were
also laid for another integral experiment, the Water Boiler.

It was important to investigate the relation of the energy of incident
neutrons and the 23°U fission cross section down to thermal energies.
Although Wisconsin measurements from 0.5 to 1 MeV showed an ap-
proximate inverse relation between energy and the fission cross section
of 235U, physicists did not know whether this relation held at lower ener-
gies. Los Alamos had both the equipment and the personnel to investi-
gate this question further. The modulated cyclotron, which was already
being used for v and delayed neutron emission measurements, was a good
source of monoenergetic neutrons below 1 keV. Boyce McDaniel, the
young Ph.D. assigned to designing equipment for experiments checking
the relation of fission cross section and energy, was unusually qualified
for the task. In 1942 he rebuilt the time-of-flight equipment at Cornell,
completed his thesis, and afterward, at Bacher’s instigation, spent time
at the MIT Rad Lab to learn more about the electronics innovations
developed there.!®

Although full-scale experimentation with 2**Pu could not begin until
more material was available (pile-produced plutonium would not arrive
until April 1944), measurements were planned to check the relation-
ship between the energy and fission cross section for 2**Pu, in addition
to the comparative 23°Pu/?3%U cross-section measurements mentioned
above. Lower priority was given to fission cross-section measurements
around 1 MeV of protactinium and thorium (elements in use, or be-
ing considered for use, in detectors). Lower priority was also given to
measurements from 100 keV to 2.5 MeV of the cross section for (a, n)
reactions on boron, an element useful as a neutron source. Later the se-
ries of fission cross-section measurements was extended to include 23"Np
and 2*¥U. In addition, the cross section for (a, n) reactions on lithium
was measured.®
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Equipment for Nuclear Physics Ezperiments

To perform the experiments that Bacher outlined in September 1943,
P-Division had to develop new electronics equipment, obtain optimum
performance from laboratory accelerators, and improve the technigues
used for detection. Much of P-Division’s responsibility for electronics fell
to Froman'’s group, which also supplied equipment to the entire labora-
tory. This assignment was challenging because prewar electronics equip-
ment was quite slow for the necessary neutron measurements. William
Higinbotham, a graduate student with electronics expertise at Cornell
when World War II began, notes that amplifiers were “rather crude and
non-linear,” and that “the counting circuits were terrible.” In addition,
the prewar version of oscilloscopes used to monitor the signals of circuits
ran only to about 20 kc and had triggered sweeps that ran repetitively
at a fixed rate. This frustrated physicists at both the MIT Rad Lab and
Los Alamos, who, to develop faster circuits, needed an oscilloscope with
a fast triggered sweep capable of producing randomly placed pulses.!”

To provide the necessary electronics equipment at Los Alamos, Fro-
man was aided by a particularly talented group of recruits, including
physicist Willilam C. Elmore, Matthew Sands, and SED’s Val Fitch.
Fitch and Sands were among those who came to Los Alamos with lit-
tle physics training and later obtained a physics Ph.D. Another gifted
worker was Higinbotham, who brought to the project much-needed elec-
tronics knowledge. Like McDaniel, Higinbotham served on the MIT
radar project before coming to Los Alamos. After working for two years
as an electronics technician, Higinbotham was recruited by Bacher and
came to Los Alamos in the fall of 1943. Thanks to his MIT experience,
Higinbotham knew how to build a variety of new circuits and improved
oscilloscopes that would aid in the further development of fast circuits.
In addition, he had a sound knowledge of ready-made electronics equip-
ment and suppliers, including the fledgling company now called Radio
Shack. On the basis of this knowledge, he quickly compiled a stock
catalog to aid in electronics procurement.!®

The group expanded around a small nucleus of those skilled in elec-
tronics — including Froman, Elmore, Sands, and Higinbotham, who re-
placed Froman as group leader in fall 1944. As the demand for equipment
increased, the group mushroomed from about ten members constructing
a dozen pieces of equipment in a two-week period in January 1944, to
sixty-nine members constructing 100 pieces of equipment during a two-
week period in the following January. At the time that the workload
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reached its peak in early 1945, the group had eighty people, including
six women who spent all their time making cables. Although some elec-
tronics equipment was designed and built by experimenters, the “well
stocked and well staffed electronics laboratory,” Wilson noted in 1947,
“played an implicitly important role in all experiments by supplying the
fast, stable amplifiers, reliable scaling circuits, multi-discriminators ...
without which many of the experiments could not have been made.”*?

Meanwhile, the other groups in P-Division struggled with balky accel-
erating equipment and the challenge of developing adequate detectors.
In October, just as the experimental groups were launching the ambi-
tious experimental plan outlined by Bacher, the cyclotron and both of
the electrostatic generators suffered operational problems. Difficuities
with the cyclotron ion source “considerably cut down the efficiency of
that instrument,” while vacuum difficulties temporarily stalled the long
tank. Although vexing, these problems could be fixed with minor re-
pairs, and both accelerators were operating by 1 November. Problems
with the short tank, which was not designed to operate in the keV energy
range required by Los Alamos experiments, were not so easily resolved.
After experiencing difficulty in exceeding the threshold of the Li(p,n)
reaction with the short tank at low energies, Williams concluded that
“it would be necessary to remodel the equipment if it was going to be
used for this reaction.” This remodeling took longer than expected, and
the short tank did not begin operating until February 1944, a frustrat-
ing delay in light of the pressure to produce results quickly. Richard
Taschek, a member of the Van de Graaff group, remembers that even
after the accelerators were operating reliably, experimenters were kept
busy with the target and ion source development projects necessary for
individual experiments, projects that moved rapidly “from invention,
to development, to use.” Radical modifications were made in the sum-
mer and fall of 1943 at the cyclotron, where McDaniel improved the
Cornell time-of-flight equipment, and other group members constructed
and then restacked a large graphite block to produce an optimum neu-
tron flux. The cyclotron group also installed target collectors, which
were sent from the Berkeley model mass spectrograph.2?

Each group also spent a great deal of time developing suitable detect-
ing techniques, because fast-neutron measurements sirained the limits
of both detector and electronic capability. As Taschek recalls, at the
beginning of the project all techniques “were just very, very slow ...
the electronics was slow, the detection equipment was slow, and the
way the detectors worked was slow.” Higinbotham, who worked closely
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with detector specialists such as Rossi, explains that although detector
development at Los Alamos was “a continuation of [prewar| work on ra-
diation detectors,” managing to “squeeze information” from experiments
“required ... a thorough understanding of the basic physics of the oper-
ation of all these devices, and furthermore, some really extremely clever
ideas.”?!

One useful type of detector was the “long counter” developed by Han-
son in early 1944. In such a detector, a BF;-filled proportional counter
lined with a 235U foil lies in the axis of a paraffin cylinder. Neutrons
incident on the open end of the cylinder were degraded to about 10
keV before diffusing into the proportional counter to bombard the 235U
foil. Hanson found that if the paraffin cylinder was sufficiently long, this
detector had a response to fast neutrons that was nearly uniform from
about 10 keV to 2 MeV. As a result, the long counter was useful for
calibrating neutron sources (even if their energy spectra were somewhat
different), an impossible task for other detectors. The long counter was
also useful in measuring neutron multiplication because of its wide en-
ergy range, and in measuring cross sections for neutrons emitted from
fission over a particularly large energy range. The standard method for
measuring fission cross sections, in which neutrons were counted by ex-
trapolation from the number of proton tracks, was unfeasible below 350
keV because at such energies too small a fraction of recoils gave a sig-
nal above the noise background of available detector-amplifier systems.
Because the long counter slowed all neutrons down to about 10 keV, it
could make cross-section measurements in this previously undetectable
range.??

Another. particularly useful detecting technique at Los Alamos was
“electron collection.” As Clyde Wiegand, then a graduate student work-
ing with Segré, recalls, standard “proton recoil measurements in ioniza-
tion chambers were done in air” by detecting the trail of positive ions left
by a charged particle. As explained in “Nuclear Physics,” a 1947 report
summarizing wartime nuclear constant measurements, the “inherent dif-
ficulty with positive ion collection is the extreme slowness with which the
ions move. This necessitates extremely slow counting rates, long time
constants of the amplifier, and consequent troubles of piling up of pulses
and a prohibitive acoustical noise level.” Before the war, physicists at
Berkeley, Cornell, and other universities used “electron collection,” an
improved technique that collected electrons, which move much more
quickly than positive ions because of their low mass. However, elec-
tron collection cannot be accomplished with an air-filled chamber, since
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electrons become attached to the oxygen in air. Thus Segré devised a
nitrogen-filled chamber to detect neutron flux. Further development of
nitrogen-filled chambers was important to the work done on plutonium
spontaneous fission chambers in 1943 and 1944 (Chapter 12). Electron
collection was modified at Los Alamos. Theodore Hall, Philip Koontz,
and Rossi constructed an improved, argon-filled electron collection de-
vice used in other nuclear constant measurements. A striking example
of how this device could be used in experiments was a series of 235U
measurements in the 1-MeV range made by Hall, Koontz, and Rossi in
1944. By using a chamber containing both an argon-filled electron col-
lection device and a fission counter, they could calculate the absolute
number of fissions per fission neutron and from known values, such as
the neutron—proton scattering cross sections, they were able to calculate
the 233U fission cross section. As Wilson noted, when used with the
fast amplifiers developed by the Electronics Group, electron collection
“enabled us to decrease resolving times in counting by several orders of
magnitude.”??

Ezperimental Results

Just weeks after the September outline of experiments was finished,
it appeared that Bacher had been wise to insist upon collaboration
with Fermi. As Bacher reported to the Governing Board on 7 Octo-
ber, Fermi’s measurement indicated that v of 23*U was 2.0, not 2.2, as
previously measured. As Oppenheimer noted in a letter to Groves a few
days later: “This is well within the limits of error of the earlier value
.... Nevertheless, even this small change means an increase by 40% in
the amount of material required.”?*

The incident underlined a distinguishing feature of the Los Alamos ex-
perience. As Wilson noted in “Nuclear Physics,” “We were constantly
plagued by worry about some unpredicted or overlooked mechanism of
nuclear physics which might render our program unsound.”?® Uncer-
tainty about the number of neutrons to be expected in the fast-neutron
chain reaction was particularly worrisome. The bomb project had al-
ready been hit with the unpleasant discovery in late 1942 (Chapter 3)
that higher-than-expected neutron production from (a, n) reactions in
impurities meant that plutonium could not be used in a gun weapon un-
less stringent plutonium purification techniques were developed. That
further unwanted neutrons would be produced by spontaneous fission
was a still untested threat. Oppenheimer responded to the disconcerting
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uncertainty of changing v results by emphasizing the need for overlap-
ping approaches to the problem. He pointed out to Groves that “even
the most careful experiments in this field may have unsuspected sources
of error” and insisted that v measurements be checked “by all promising
means.”

Although it was against standard policy to allow Los Alamos re-
searchers to perform experiments elsewhere, Oppenheimer convinced
Groves that Segre should be sent to Chicago to exploit the greater
neutron flux available from the Metallurgical Laboratory pile, arguing
that no one at Chicago had the expertise to make the measurement he
wanted. Segré planned to calculate v for 23°U from «, the ratio of the
radiative neutron capture cross section of 2**U to the neutron fission
cross section.?®

Oppenheimer’s push for Segré’s Chicago measurement, which would
be augmented by a series of capture cross-section measurements at the
cyclotron in Los Alamos, signaled the beginning of increased interest in
a measurements. Naturally, competition from capture, if severe, could
greatly decrease the number of expected neutrons in the fast-fission chain
reaction — a danger that had not gone unnoticed. Oppenheimer, Fermi,
and other leaders had previously assumed, however, that no other pro-
cess would compete with fission, a reasonable assumption given the rel-
ative rapidity of the fission process in comparison with absorption pro-
cesses. Although one a measurement for 2*°U was listed on Bacher’s
September outline and a series of capture cross sections of gold and
other nonfissionable materials had been started, no thorough series of
capture cross section or @ measurements had been planned for 23*U or
239Py. P-Division did not have enough time to check thoroughly every
apparently reasonable assumption or to explore every possible disastrous
result. As Oppenheimer’s response to autumn v measurements shows,
however, he was always ready to divert effort to solve a problem that
suddenly appeared pressing.?’

Groves honored Oppenheimer’s request, and preparations began for
Segré’s a measurement, along with other v measurements at Chicago.
By the end of October Segré had built an ionization chamber and am-
plifier and left for the Metallurgical Laboratory, where he planned to
irradiate a very thin foil of fissionable material in order to calculate o.28

As he was setting up his equipment in October, results came from the
first round.of neutron scattering experiments from various tamper ma-
terials. Manley’s group had begun these measurements in August, well
aware that reliable results would be difficult to obtain given the available
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detectors and the limited understanding of scattering as a function of
neutron energy. Data from preliminary scattering measurements made
in 1942 at Wisconsin proved difficult to interpret because they showed
“very large differences in the scattering cross sections at relatively sim-
ilar angles.” Because the primary purpose of scattering experiments
was to provide comparative scattering measurements of potential tam-
per materials rather than produce independently verifiable scattering
cross-section measurements, Manley’s group first made straightforward
backscattering measurements at the Cockcroft-Walton of neutrons scat-
tered from 130° to 180° on various materials. As Bacher reported in
October, the group used disks “of scattering material 10 inches in diam-
eter and approximately 1 inch thick” and a detector that consisted of “a
thick paraffin layer mounted on one side of a spherical chamber which
has been coated with gold.” This experimental arrangement allowed
observation of backscattering “for neutrons scattered without energy
loss and for some neutrons with reasonably small energy loss.” By unit
weight, lead was the most efficient element at backscattering, although
its relatively low density made it an unlikely tamper material.?

In November, Bacher decided that future scattering measurements,
which would include both transmission and backscattering measure-
ments, would be performed using the Van de Graaff, because the en-
ergy of incident neutrons was higher at the Cockcroft~Walton than that
expected in the fission spectrum. In addition, the number of materi-
als under investigation was reduced to those considered most promising:
uranium, tungsten carbide, lead, beryllium oxide, and iron.>°

In May, as transmission and backscattering measurements contin-
ued, the Van de Graaff group began using neutrons from an yttrium-
beryllium source to bombard spheres of uranium, tungsten, and other
materials. The resulting measurements, although much harder to in-
terpret than experiments using disks, showed how elastic and inelastic
scattering and capture (conditions closer to those in the actual bomb)
affected scattering properties.3?

As Manley and Henry Barschall described in “Nuclear Physics,” the
“most extensive scattering data” were obtained with measurements of
disks, a method that “has the advantage that the intensity is good,
but the need to take differences in order to get angular distributions
decreases the accuracy of such results.” To obtain the best data, mea-
surements were taken at several angles, “appropriate corrections” were
made on the basis of known factors such as inelastic and elastic scat-
tering, and the total scattering cross section was then calculated. Such
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measurements showed a particularly high scattering cross section for
tungsten carbide.3?

As tamper scattering experiments were being conducted in the fall
and winter of 1943—4, considerable excitement and tension were build-
ing in response to higher-priority nuclear constant measurements. Good
news came from delayed neutron emission measurements. In Novem-
ber 1943 the cyclotron group completed measurements using the time-
of-flight method suggested by Baker (Chapter 5), despite the troubles
experienced in October with the cyclotron. As Bacher announced to
the Governing Board on 18 November, the time-of-flight method, which
was capable of detecting emission delays greater than about 10~ %sec,
showed that “there is no significant delay.” In January, Wilson’s coin-
cidence measurement confirmed this negative result for 2*U and pro-
vided the first evidence that there was no delay for ?*°Pu, which in-
cluded measurements of v(?*°Pu). In July 1944 Wilson confirmed the
results for 22Pu using his coincidence method. Near the end of the
project, Wilson “showed that all fissions take place within a time of
about 10719 or 107! [sec],” using “a more refined experiment” capa-
ble of measuring “the recoil of the compound nucleus” with a double
ionization chamber.®?

Although the accumulating evidence laid to rest the distressing pos-
sibility of a delay in the emission of neutrons, P-Division now had other
worries. On the heels of changing v measurements in November 1943,
McDaniel made the first Los Alamos 2*°U cross-section measurements
at low energies using a “very ingenious” experimental setup, as Bacher
later noted. Bacher explained in a late 1943 progress report that mea-
surements from “a multi-plate fission ionization chamber ... coated with
approximately 1 gram of 25 ... were compared with those from a boron
chamber over the same energy range” at the cyclotron. The fission cross
section of 235U could then be calculated from the known properties of
boron. Such measurements were possible because the Cornell timing
equipment'had been “reconstructed with a new arc modulation set.”3*

The results were unexpected. Preliminary measurements in mid-
November indicated “a number of rather narrow fission levels at low
energy which appear to give a large increase in the cross section at
about six volts.” By mid-December, Bacher reported “four resolved
resonances,” from 3.2 eV down to 0.3 eV, and throughout 1944 more
low-energy resonances were found. By the end of the project, nine res-
onances had been identified, at 0.3, 1.1, 2.0, 3.3, 4.8, 5.7, 9, 12, and 40
eV. Bacher recalls that the news of the first resonances came as a shock:
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the day that he planned to announce the first solid evidence from Mc-
Daniel’s measurements, the theory group concluded that “there would
be no fission resonances in the thermal region.”®*

Discomfort prompted by the lack of agreement between low-energy-
fission 235U cross-section results and theoretical predictions intensified
when Segré began capture cross-section measurements after returning
from Chicago. He irradiated a number of elements using neutrons from
the large graphite block at the cyclotron and found that his results dif-
fered from what the Chicago experiments had predicted. On 15 January
1944, Bacher reported that the observed discrepancies did “not show ei-
ther a regular or an understandable variation from the total cross section
determined by the neutron beam method in Chicago.” Worried that Los
Alamos results might be skewed by a larger-than-expected «, Segré irra-
diated 233U at the cyclotron and looked, unsuccessfully, for 2*¢U, which
he thought might be produced from slow-neutron capture. The notion
that 23¢U production might signal trouble did not die, however. In
March, in the midst of emerging evidence for narrow low-energy 235U
resonances, Oppenheimer noted that since the resonances are “quite
narrow ... the rate of fission is slow.” It therefore “occurred to many
people that the process of radiative capture of the slow neutron forming
26 might compete with fission.” An additional problem was that avail-
able o measurements disagreed: Chicago measurements showed 0.30,
whereas Los Alamos measurements showed 0.07. Given the accuracy of
the measurements, the discrepancy was “significant” and “a great deal
of effort” would be expended in tracking it down.3¢

By this time, Oppenheimer faced more inconsistent measurements.
On 3 February, Bacher gave the status of v measurements. Two abso-
lute v(2*3U) measurements at Chicago, the one made by Segré and an-
other by Fermi, in which v was calculated from the behavior of enriched
material when inserted in a pile, yielded 2.15 and 2.18, respectively.
The v(2*9Pu)/v(?*3U) measurements were not so consistent, however.
After the summer measurements, two further series were made at the
cyclotron, one with a hydrogen-filled proportional counter and one with
an argon-filled proportional counter. The measurements yielded a ra-
tio of 1.03 and 1.12, respectively, but when repeated, both gave 1.15.
Bacher admitted that P-Division “did not understand this discrepancy,
which is samewhat large for the statistical errors,” and warned against
“giving too much importance” to results until more measurements could
be made with larger amounts of plutonium, which were expected from
Clinton in the next few months.3”
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In the meantime, two more problems emerged with plutonium mea-
surements. In determining the energy spectra of 2*Pu fission fragments
with the photographic plate method, Williams’s group found that “the
spectra of 25 and 49 are slightly different in the region from 1 to 2.5
MeV .... Some difference is also observed between the spectra obtained
by the photographic plate method and that obtained with an ioniza-
tion chamber method, these new results accentuating the differences.”
Bacher said he was not sure “what significance should be attached to
these observed differences due to the difficulty of interpretation.” When
reviewing wartime fission spectrum measurements in a recent interview,
Bacher admitted, “We didn’t know the spectrum of neutrons ... very
well ... there were a lot of unknowns.” The inability to discount the
possibility that the fission spectrum for 2**Pu was signficantly differ-
ent from that for 2**U was doubly disturbing. The uncertainty limited
understanding of the 2*®Pu spectrum, which was crucial to the evolv-
ing understanding of the 2*®Pu fast-fission chain reaction. The uncer-
tainty also cast v(?3°Pu) measurements into doubt, since they hinged
on v(?*%Pu)/v(?**U) measurements that were based on the assumption
that the fission spectra of the two isotopes were similar.3®

In the same month, problems also emerged with plutonium fission
cross-section measurements. On 20 April, Bacher told the Governing
Board it appeared “certain that the plutonium cross sections must be
revised downwards by at least 15% because of incorrect lifetimes as-
sumed.” A week later, Williams wrote to Bacher, “In view of our in-
creased knowledge and improved technique it would be wise to repeat
the whole series of measurements to give more accuracy in absolute val-
ues and more detail in the dependence of the [fission cross section of
239Py] on the neutron energy.”

By the time Bacher amended the plutonium cross-section values at
the April Governing Board meeting, much greater trouble was brewing
with plutonium measurements. As we discuss in Chapter 12, evidence
was beginning to mount for a high neutron background in pile-produced
plutonium resulting from spontaneous fission, an effect that eventually
led to the greatest crisis wartime Los Alamos was to face. Although
the enormity of this crisis was not yet clear, Los Alamos leaders had be-
come deeply worried by spring 1944, not only about these measurements,
but also about the growing list of conflicting results and persistent un-
certainties of nuclear constant measurements. As Wilson remembers,
P-Division realized “there were mistakes in the measurements,” some of
which were “very large.” The spontaneous fission measurements were
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the “principal” worry, but Wilson was also upset by the status of fission
cross-section and v measurements, which were, in his opinion, “a dis-
grace.” Wilson reacted with a “tremendous furor.” So many important
measurements seemed to be “based on shifting sand .... I mean, how
could we call ourselves physicists!”

Despite Wilson’s understandable frustration in the spring of 1944,
by the end of the summer, impressive progress had been made in un-
derstanding both v and fission cross-section measurements. To ob-
tain more reliable ¥ measurements, Manley assigned Robert Walker,
a graduate student from the University of Chicago, to implement an
idea suggested by Otto Frisch. As Bacher explained in mid-January,
Walker was charged with making “an absolute source calibration,” us-
ing a method “previously explored in England .... The method essen-
tially uses a large tank of borated water and determines the integrated
boron activity through the intermediary of indium foils.” From the
known properties of boron, Walker was able to calculate accurately the
number of neutrons per second produced by a radium-beryllium source,
which he called source 43. At the same time, Thoma M. Snyder and
R. W. Williams made a series of 2*°U and 2*°Pu v measurements us-
ing “cadmium-covered indium foils placed at various distances from the
fissionable sample ... and in various directions,” first using the carbon
block of the cyclotron as a neutron source and then using source 43.
From such measurements, they could “determine the number of fission
neutrons in terms of the standard source strength.” After determining
the number of fissions from the known fraction of fissionable material in
the sample, Snyder and Williams were able to calculate 2**Pu and 233U v
measurements with a probable error of 5 percent. In June 1944, they re-
ported that v(?3°U) was 2.44 and v(?*°Pu) was 2.86, values impressively
close to the 1979 values of 2.43 and 2.89, respectively.®®

Measurements by Benedict and Hanson of the fission cross section of
235U around 1 MeV made at the Wisconsin Van de Graaff are close
to modern values. Although these measurements seemed reliable in
1943, the Van de Graaff group, in cooperation with the detector and
Cockcroft-~Walton groups, took careful steps to ensure their reliabil-
ity, both because these measurements were themselves important, and
because the 225U cross section would be used in evaluating other fis-
sion cross section measurements, including those for 2*°Pu. In addition,
Los Alamos experimenters determined fission cross sections over a wider
range of fast-neutron energies than had previously been measured.
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By early fall 1944, J. Williams reported that an extensive series of
2357 cross-section measurements had been made with the long counter.
To test its accuracy, he measured fission cross sections at 1 MeV with the
long counter using a radon-beryllium source that had been calibrated
by Alvin Graves. The long counter measured the cross section as 1.37
barns, which was “in excellent agreement” with measurements taken by
Hall, Koontz, and Rossi using the argon-filled electron collection device
and a fission counter. These results greatly increased “confidence” in
measurements in the 1-MeV range. The long counter was then used
to measure fission cross sections from 5 keV to 1.9 MeV. To gain fur-
ther confidence in 233U fission cross-sectional measurements below 400
keV, the Van de Graaff group used two identical high-pressure ioniza-
tion chambers to make relative measurements at 50 and 500 keV. After
assessing all the data obtained by these methods, Williams concluded:
“The general form of oy 25 as a function of neutron energy is fairly
well established . ... We believe o is trustworthy to approximately 15%
throughout the entire energy range above 15 keV and is known to be
between 5 and 10% from 200 keV to 2 MeV.” At 1 MeV, the 2%°U cross
section was measured as 1.33 barns; the modern value is 1.22 barns.*°

To find the fission cross section of 23°Pu, the Van de Graaff group
made comparison measurements with 233U. These measurements ben-
efited not only from the proven reliability of 23*U fission cross-section
measurements, but also from advances that aided counting, which had
always been a problem with 23°Pu because of its copious a production.
As Williams explained, by fall 1944 they could “use larger quantities . ..
in a simple comparison chamber. This improvement results from the de-
sign of faster amplifiers by the electronics group and the development of
an electroplating technique for 49 by Dodson’s group.” Thin foils of elec-
troplated 2**Pu were put in a comparison chamber with 2**U foils and
the samples were irradiated simultaneously with neutrons from the Van
de Graaff. The variation of the 2*°Pu fission cross section with energy
bore “only a rough similarity to that of o¢ 25.” In particular, Williams
found that the fission cross section was less than that for 23°U “between
the lowest measured point for fast neutrons and 100 keV.” He judged
that “statistical errors of counting” could contribute “less than 3%” er-
rors, and “uncertainties in the masses of the foil — possibly another 3%.”
Fission cross-section measurements of 2**Pu would be extended from fall
1944 to summer 1945 (Chapter 17).%! Because P-Division had provided
reliable v and fission cross-section measurements by summer 1944, the
remaining crucial gaps in nuclear constant information were the fission
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spectrum and o measurements. Unexplained discrepancies between ion-
ization chamber and photographic-plate fission spectrum measurements
remained until the end of the project.*?

The Water Boiler

The Water Boiler, a reactor using 2**U in a water solution, had been
proposed in April 1943 as part of a program to measure critical masses
from the neutron multiplication of chain-reacting systems. Bacher had
argued that the laboratory should “start with something that would
have a smaller critical mass, like a water solution” and could be built
sooner than a 2*®U metal assembly. Although the Water Boiler could
not indicate the critical mass of a weapon with a 23U metal core (be-
cause critical mass depends on the chemical, physical, and geometric
conditions), it could check the theory for calculating critical masses,
determine the effect of various tamper materials on critical mass, and
provide experience in assembling a supercritical system. Bacher recalls
his “battle with some of the theorists on this,” since they considered
critical mass studies with chain reacting systems unlike the one used in
the weapon to be a “waste of time.” But Bacher prevailed, and plans for
the Water Boiler proceeded in summer 1943. This early step in critical
mass studies would be followed, as material became available in 1944
and 1945, by neutron-multiplication measurements of uranium hydride
cubes, and-2**U and ?*°Pu metal assemblies (Chapter 17).%3

Kerst, a University of Illinois physicist known for his invention of
the betatron, was appointed to head the Water Boiler project. He had
had no previous direct experience with building a chain-reacting pile,
and could draw on little expert help, for the only scientists experienced
in critical assemblies were at Oak Ridge and Chicago; they were not
available to Los Alamos on a full-time basis in 1943. Fermi could offer
advice only intermittently. Thus, Los Alamos had to develop its own
critical-assembly expertise.**

The Water Boiler crew came primarily from Purdue University, where
they had been working on measurements for the Super. As Raemer
Schreiber, one early crew member, recalls, “There weren’t any experts
in nuclear reactors, so they were picked up from cyclotron people and
nuclear physicists.” The key crew members involved in assembling and

operating the low-power water boiler were Kerst (group leader), Baker,
Gerhart Friedlander, Lindsay Helmholtz, Marshall G. Holloway, L. D.
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P. King, and Schreiber.?® Help with general theory came from Robert
Christy, whose calculation of the Water Boiler’s critical mass came to
be known as the “Bible” among the Water Boiler staff.

In early summer 1943, Kerst sketched out a design for the world’s first
chain-reacting system using enriched material: a simple hollow stainless
steel sphere about 1 foot in diameter filled with a solution of a sulphate
of 235U and water, surrounded by a BeO reflector, and neutron shield-
ing. No one doubted that it would “go critical” when enough enriched
uranium from Oak Ridge was put into it. The main question was the
amount of enriched 2**U that would be needed.?® The location of the
boiler was also an important consideration, for it had to be accessible
from the Technical Area, but also far enough from the town to avoid
contamination from radiation leaks or other disasters. Christy calcu-
lated the probable area that radioactive materials would cover if an
accidental explosion occurred; Oppenheimer’s favored site, in upper Los
Alamos Canyon just down the cliff from the town and downstream from
the water supply, provided that margin of safety. The Governing Board
approved this site, designated Omega, at its 19 August 1943 meeting.

The most important technical decision concerning the Water Boiler
in the summer of 1943 concerned its operating power. As originally
conceived, the Water Boiler would have operated at 10 kW and pro-
vided a strong source of neutrons.*” Although a strong neutron source
would have been useful for some experiments, members of the Govern-
ing Board objected to high-power operation, in part because it would
be difficult to protect operators from a radiation level as high as several
thousand curies. Moreover, the 2**U would become contaminated with
radioactive fragments, which would need to be chemically removed; a
complicated cooling system would be required (the enriched uranium
was so scarce that it could not be kept in large reservoirs outside the
reactor); all of the uranium had to be used at once; and the bubbling
of the uranium “soup” would make the neutron output fluctuate even
more unpredictably than usual.*® The proponents for a high-power level
won temporarily, as tentative plans were made to operate at 10 kW.
But the push for high-power operation collapsed a few weeks later at
the 30 September meeting. Samuel K. Allison and Fermi pointed out
difficulties in operating at high power and mentioned that the Met Lab
no longer needed a high neutron flux to study poisoning effects.*’

Using Christy’s calculation that 600 g of pure 23°U would be critical
in an infinite water tamper, the Water Boiler group moved ahead with
a more detailed, though still mechanically simple, design. Schreiber and
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King developed a stainless steel fluid handling system.® The “soup”
rested in a conical stainless steel reservoir, the shape of which provided
a safe geometry, and allowed access to the solution, so that its concen-
tration could be increased as 23°U arrived at Los Alamos. The soup was
pumped by air pressure into the sphere surrounded by a tamper where
the reaction took place. The entire system was closed to the atmosphere,
so that any radioactive gas generated during the reaction would not be
expelled accidentally. A control rod - similar to, but smaller than, the
control rods on the Chicago pile — extended into the tamper shell and
could be dropped in quickly to quell a runaway reaction.’?

An important chemical decision concerned the type of radioactive ura-
nium salt to use; the enriched salt had to be completely soluble within
the stainless steel sphere. Chemist Helmholtz’s experiments with var-
ious compounds narrowed the choice to nitrate and sulfate.®? In mid-
November, the sulfate was chosen because it was more soluble and ab-
sorbed fewer neutrons.’?

Although simple in theory, the Water Boiler was not simple to build.
The stainless steel sphere was difficult to construct because the hemi-
spheres could not be joined using solder, which the acid soup would
have corroded. Unfortunately, the company that made the sphere for
Los Alamos did not understand the requirement and soldered it anyway.
Los Alamos ultimately arc-welded the sphere.’* The size of the sphere
was also crucial. If too small, a critical mass could not fit in; if too
large, the geometry might not allow a critical mass with minimum 233U,
When a 12-inch-diameter sphere was finally selected, a new contour had
to be ground into the BeO tamper blocks, which had been fabricated to
a different spherical diameter. The tamper that surrounded the sphere
to reflect neutrons back into the soup was made from pure beryllium ox-
ide powder pressed into molds to form dense bricks. However, pure BeO
proved to be difficult to procure and fabricate into bricks, in part because
of backlogs in the shop. The neutron detectors, the most complex part
of the Water Boiler system, required collaboration from everyone in the
group. The team had time to devote to this problem because the ship-
ment of 23°U, expected by late 1943, was delayed.®® Indeed, sufficient
2357 did not arrive until April 1944.5¢

The new building to house the Water Boiler, Omega, became us-
able (although still incomplete) on 1 February 1944, and the reactor
materials came together in March: the BeO bricks arrived acceptably
pure, the stainless steel spheres were properly welded, and the fluid-
handling equipment was installed.®” By 1 April, the sphere had been
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Fig. 10.3. The Water Boiler was the first reactor to use enriched uranium
and the third reactor ever to go critical. LA Photo, 12784.

fitted into the tamper and five different neutron-counting devices were
placed in different positions.’® The Water Boiler crew began to fine-tune
their equipment by running experiments with unenriched uranium and
a radium-beryllium source. By 1 May, enough enriched material was on
hand to begin subcritical experiments.’® With its reactivity controlled
by cadmium rods, the Water Boiler went critical on 9 May 1944, first
with a neutron source in the center and later in the day without the
source.5?

The group worked for several weeks to improve their apparatus, while
Christy sharpened his prediction of the critical mass.®! With new data
on cross sections, Christy made a quick correction to his original calcu-

lation of 600 g and revised the estimate to approximately 575 g. The
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group removed tubes in the tamper and filled holes used to insert a
2387 chamber into the center, thereby making the tamper shell more
uniform. They found the critical mass of the uranium sulfate solution
in the boiler to be 565 g.52 Although theory and experiment arrived
at an excellent agreement “somewhat fortuitously,” this success helped
to raise confidence in T-Division’s ability to calculate critical mass.5®
Other studies in May measured the period of the reactor as a function
of control rod setting and measured the effect of tamper materials on

the critical mass.*

By June 1944, the Water Boiler had fulfilled its initial goals: it had
provided a means of checking theoretical critical mass calculations, in-
dicating how tamper materials affect critical mass, and it offered expe-
rience in assembling a supercritical system. It was time to address new
problems. The group had already started work on hydride critical as-
semblies (Chapter 17). A vital project was the high-power Water Boiler,
which would be constructed in part from dismantled equipment from the
first Water Boiler. The power of the new reactor, 1 kW, would allow
power operation and a high neutron flux, but would not contaminate
the material so much that it could not be reclaimed. After June 1944,
Water Boiler experiments would be designed to facilitate the transition
to this new device.®®

The Super

By February 1944, it was clear that making a Super would be far more
difficult than originally thought, and research on the thermonuclear
weapon began to receive less attention. Only Teller’s theoretical group
and Egon Bretscher’s small experimental group that measured cross sec-
tions relevant to the Super continued to work on the problem. This work
did not contribute to the main goals of Project Y, but it ultimately broke
ground for the successful work on hydrogen bombs in the early 1950s
by furnishing background information on cross sections for deuterium
reactions and on the transfer of energy from a fission reaction to the
surrounding medium.

In September 1943, Teller felt optimistic enough to ask the Governing
Board to increase the level of the Super effort. Upward revision of the
D-D and D-T cross sections implied that less material would be needed.
As further justification, Teller cited indications that the Germans were
going to use deuterium for similar purposes. However, the Governing
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Board recommended that no more than one full-time person - Teller,
Emil Konopinski, or Nicholas Metropolis — should work on the problem.
Oppenheimer selected Konopinski, who worked on the Super for the
remainder of the war.

In February 1944, Teller brought Stanislaw Ulam, Jane Roberg, Geof-
frey Chew, and Harold and Mary Argo into his T-Division group. Mathe-
matician Ulam began calculations on inverse Compton cooling of the sys-
tem; Roberg calculated the ignition temperature of deuterium—tritium
mixtures. That month, Teller officially informed the Governing Board
that because of theoretical difficulties and the possibility that the Super
would require tritium, “it appears that the development of the super
may require longer than was originally anticipated.” At the summer
1942 Berkeley conferences, Konopinski had suggested the need for tri-
tium. Because of the scarcity of this material, tritium had been given
little attention.%® In February 1944, he suggested increasing the priority
of the program.®” But the board did not wish to expand Super work,
because “the members of the board desired to produce something that
would play a part in this war.” However, they did not wish to cut it
back entirely, as long as the research did not interfere with the more im-
mediate program.5® As a result, wartime research on the Super dropped
in priority.®® In the period between February and June 1944, Teller and
Bethe frequently argued about the reduced status of Super work, which
Teller opposed. After Oppenheimer separated Teller’s group from T-
Division in June 1944 (Chapter 8), Teller reported directly to Oppen-
heimer. A few months later, Teller’s group would join the newly formed
F-Division under Fermi. In this uncertain institutional arrangement,
the preliminary research for the present hydrogen bomb proceeded with
considerable difficulty. However, Teller never wavered in his dedication
to the Super project, despite its dim prognosis for use during World War
IT and its limited support from the laboratory throughout Project Y.
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Uranium and Plutonium:
Early 1943 to August 1944

The story of the production of fissionable materials at Los Alamos is
about the challenges of working with little-known, scarce substances
under difficult experimental conditions, as well as the excitement of dis-
coveries and unexpected turns in the course of all-out efforts to achieve
practical results quickly. The interplay between the plutonium and ura-
nium efforts within CM-Division reflects the wartime strategy of pairing
complicated and straightforward tasks. In this way, personnel, equip-
ment, and time could be focused on the most demanding problems.
Thus, the relatively simple effort to produce uranium gun parts at Los
Alamos complemented the more difficult effort to produce plutonium
spheres, just as the relatively simpler gun program as a whole later com-
plemented the more complex implosion program.! Those implementing
the less intricate effort were under pressure to proceed rapidly and pro-
duce absolutely reliable results meeting all contingencies so that more of
the group’s resources could be diverted to the thornier problem. Conse-
quently, the uranium program was remarkably fast-paced and rigorous.
The need to make the most of resources and save time weighed espe-
cially on Joseph Kennedy, Arthur Wahl, and Cyril Stanley Smith in
CM-Division, because they had to adjust to the changing requirements

* This chapter is based on a manuscript by Catherine Westfall. We are grateful to
Gordon Baym, Les Redman, and Robert Penneman for their detailed technical
editing of the chapter.
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of the other divisions, for whom they provided support services, while
at the same time working to achieve their own goals.

Although uranium chemistry and metallurgy had been investigated
before the beginning of Project Y, the element provided a few surprises.
Planning for a uranium hydride weapon yielded new insights. The di-
vision discovered the correct chemical formula of the pure compound,
UHj;, and found that the hydride would have an unexpectedly high crit-
ical mass because it could be produced with a density far below theo-
retical estimates. With this finding, the uranium hydride weapon was
doomed.

However, the chemistry and metallurgy of plutonium, an element dis-
covered only two years before the start of Project Y, provided the great-
est drama. The most daunting chemical task was to remove light element
impurities. This stumbling block in the development of the plutonium
gun was tackled by a number of workers, most notably the codiscoverers
of the element: Glenn Seaborg at the Chicago Metallurgical Laboratory
and Kennedy and Wahl at Los Alamos. Progress was spurred by heated
competition, as both groups worked feverishly to produce their own pu-
rification schemes. By the time Wahl found ways to produce plutonium
that met the necessary stringent purity requirements, however, the com-
petition was moot. At just this point, Segreé’s group discovered that too
much 24°Pu was created in pile-produced plutonium to allow plutonium
to be used in a gun. Ultra-pure plutonium was no longer needed. Be-
cause existing procedures could easily produce plutonium of a purity
suitable for the implosion weapon, the crisis that shook the laboratory
in August 1944 ironically lightened CM-Division’s load.

Surprising results also emerged in plutonium metallurgy, the respon-
sibility of Smith, head of the metallurgy group. Because too little pluto-
nium was available at Los Alamos for extensive experimentation, Smith
assumed that the substance would have the charactistics of uranium and
used uranium as a stand-in for preliminary plutonium research. Later
results showed this assumption to be invalid. Puzzling discrepancies in
density measurements led to the realization that plutonium metal, the
most complicated metal known to man, has six allotropic phases, more
than any other metal. The melting points of ranium and plutonium also
differ by hundreds of degrees. Understanding these characteristics was
crucial to creating the combat sphere for the plutonium bomb.
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Planning for Plutonium Metallurgy,
Early 1943 to August 1943

In a December 1942 conference with Arthur Compton, Seaborg had de-
termined that his Chicago plutonium research group, with the help of
Berkeley, would be responsible for both “the purification and prepara-
tion of plutonium metal.”? Thus, when planning the Los Alamos chem-
istry program in early 1943, Oppenheimer envisioned only a small staff
of chemists to provide service chemistry for other divisions. Kennedy
managed this effort, while Smith looked after metallurgy. Overlapping
small-scale plutonium purification efforts were also under way at Ames
and Berkeley, which hosted a vigorous program in developing for plu-
tonium metallurgy the necessary “refractories” or “crucibles” (vessels
capable of withstanding the action of adverse physical and chemical
conditions, especially high temperatures and corrosive materials).?

By April 1943 the new laboratory had been assigned full responsibility
for large-scale plutonium metallurgy, a task that could not be performed
at the Chicago Metallurgical Laboratory, since it lacked the staff and the
facilities. Seaborg and his staff were still eager to find a small-scale piu-
tonium metal production method so they could make the first physical
measurements of plutonium metal at Chicago. Among the properties to
be measured was density, a vital component of critical mass calculations.
As former Met Lab (and later Los Alamos) staff member Alan Florin
recalls, “There was a sense of competition for making plutonium metal
... if we could get the metal first, it would be a feather in our cap.” To
accomplish the task, the group had to grapple with the inherent difficul-
ties of working with the scarce, newly discovered element and produce
results quickly or the task would certainly be assumed by Los Alamos
metallurgists when grams of plutonium became available.*

By May, the Chicago group’s position became less secure. Groves de-
cided, on the Lewis review committee’s recommendations of 10 May, to
recruit a considerable number of chemists at Los Alamos so that plu-
tonium could be purified there. This decision called into question the
allocation of purification responsibilities. In the competition with Los
Alamos, as Florin recalls, Seaborg’s group decidedly had the edge at this
juncture. Because du Pont engineers progressively took over the sepa-
ration procedures throughout 1943, metal production and purification
became the Chicago group’s most important tasks.®

Luckily for Met Lab chemists, Oppenheimer wanted to keep the pu-
rification research performed at Los Alamos to a minimum. The CM-



208 Critical Assembly

‘L_'Il‘i}!"i;dil']li i ii\‘iil 'l: 1I:l‘lllil|"'[|lllllllli Il‘lllll'l\ ||ll|llg‘ lh. | lﬂ

f'u K

Fig. 11.1. Button of plutonium used in fabricating the Fat Man. LA Photo,
1833.

Division at the laboratory was already heavily burdened by its service
chemistry tasks. The work, which came under the leadership of Richard
Dodson in fall 1943, included such major tasks as providing material for
the Water Boiler and RaLa, as well as a stream of minor but time-
consuming tasks such as preparing plutonium and uranium foils for
physics experiments and producing BF; for ionization chambers.® In
addition, the CM-Division was charged with providing fissionable, tam-
per, and case materials for the bomb, even though many crucial ques-
tions had not yet been answered concerning the fissionable materials to
be used, the level of their purity, and the time that could be spent on
research before sufficient material arrived for metallurgical procedures.
Oppenheimer explained to Groves in late May 1943 that although “the
headquarters and ultimate concentration” of purification work would be
at the new laboratory, “every advantage will be taken of the laborato-
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ries which exist elsewhere and which are equipped to study this prob-
lem.” With this provision in mind, Kennedy estimated in early May
that the Los Alamos chemistry effort would require “about twenty-five
chemists and twenty-five assistants.”” The agreement struck was that
when gram amounts of plutonium became available — by the earliest es-
timates, this would not occur until November — Los Alamos would focus
on larger-scale chemical and metallurgical processes. A small microscale
effort would be established at Los Alamos, but Berkeley and the Met
Lab were encouraged to pursue vigorous plutonium purification research
programs.®

To ensure that Los Alamos received the full benefit of the pluto-
nium research, it was important to facilitate communication between
Los Alamos and the other laboratories, particularly the Met Lab, where
the bulk of the work was being performed. Groves, who took a hard
line on compartmentalization in the wake of his argument with Op-
penheimer over open colloquia, resisted such communication. On 17
June, the general issued a memorandum specifying that only autho-
rized persons would be involved in the interlaboratory exchange of in-
formation. He listed the allowed and forbidden topics of discussion.? To
circumvent such restrictions for plutonium research, Oppenheimer first
recruited Charles A. Thomas, research director of Monsanto Chemical
Company, to coordinate plutonium efforts among the laboratories and
improve communication between the Met Lab and Los Alamos. Plans
were soon under way for a monthly research status meeting in Chicago
to be attended by representatives from groups working on plutonium
chemistry and metallurgy.’® In July, Thomas began attending Met Lab
meetings, and by the next month he reported to Conant and Groves
that interlaboratory monthly meetings on plutonium research would be
established at Chicago.!?

The Start of Metallurgy, April-October 1943

Because plutonium was still available only in microgram amounts, which
were insufficient for metallurgical research, and since plutonium chem-
istry remained the province of the Met Lab, CM-Division immediately
began an active program in uranium metallurgy.

The energetic British-born metallurgist, Smith, found a number of
challenges awaiting him when he left the American Brass Company to
head the Los Alamos metallurgy group in April 1943. He did not know
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for sure whether 23%U, 23°Pu, or some other substance would be used
as the active material in the weapon, whether the form of the material
would be a compound or a metal, whether alloys would be needed, or
when the material would arrive. Although Frank Spedding at Ames had
successfully developed foundry-scale procedures at the 25-pound scale
and higher for producing the natural uranium metal (composed of both
235U and 2%8U) needed for the plutonium production piles, Smith could
not use these procedures directly for the 233U to be used in the weapon,
for the highly fissionable isotope would achieve critical mass at the scale
of only a few pounds. Also, it was scarce and had to be extremely pure
to be used in the weapon.

Besides devising workable 23°U metal production procedures, Smith
had to provide fissionable and nonfissionable material for various tests
and experiments and also make the bomb core, tamper, and case. Real-
izing that the effort to create plutonium metal would consume most of
the group’s time and effort once sufficient quantities of the precious sub-
stance became available, he bore the considerable burden of providing
reliable procedures and anticipating a variety of contingencies so that
uranium metallurgy could proceed as smoothly as possible. The first
item on Smith’s agenda was recruitment, a difficult task because of the
high wartime demand for metallurgists, who were needed to produce
steel for guns and ships.!? He also had to arrange for the acquisition,
transport, and assembly of the necessary metallurgical equipment, in-
cluding presses, large furnaces, and vacuum systems. Although this was
standard equipment, acquisition and transport were slowed by wartime
conditions. Despite these difficulties, enough equipment had been as-
sembled by July for research to begin.!®

Smith first tackled the production of uranium hydride, which was
being considered for use in a bomb because of its high concentration
of neutron-moderating hydrogen. Even before all the necessary equip-
ment had arrived, the Ordnance Division requested pressed uranium
hydride cubes for tests.!* The research on uranium hydride began with
an investigation of the characteristics and preparation of the compound.
Anticipating bomb requirements, the group was particularly interested
in producing a high-density, nonpyrophoric form of the substance.}® To
reduce pyrophoricity, the researchers coated hydride samples with a film
of paraffin. To study the possibility of creating material having a density
close to the theoretical value of 10, they made several small batches of
uranium hydride powder in July and checked the rate of uranium hy-
dride formation at various temperatures. They found a maximum rate
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of uranium hydride production at 225° C and noted that the compound
did not form at temperatures of 450° C or greater. However even when
a sample was subjected to “pressures of 200,000 lbs per square inch,” it
was possible to obtain only a density of 8. The lower density of uranium
hydride in preparation increased its critical mass twofold and thereby
provided further evidence that the material was unsuitable for use in a
bomb.!®

Although the practical goal of these studies was to produce fission-
able material for a bomb, they yielded new insight into uranium hydride.
Spedding, the first to make the compound, had identified its chemical
formula as UHs. By 31 July, Smith reported that when hydrogen ab-
sorption was measured in decomposition tests, the amount absorbed was
nearly that of UH; every time. Independent tests conducted by chemist
Morris Perlman in August confirmed that there are indeed three atoms
of hydrogen per atom of uranium in the hydride.

Smith and his team of metallurgists shouldered most of the respon-
sibility for uranium research, but the chemistry group also made im-
portant contributions. By fall 1943, chemist Lindsay Helmholtz was
investigating various aqueous uranium compounds for use in the Wa-
ter Boiler, the first critical assembly at Los Alamos; in addition, the
chemistry group was determining density, a job within their expertise
because the samples were so small. By investigating hydride samples
produced in a steel container (“bomb”), Perlman and Samuel Weissman
were able to confirm in October that uranium hydride had a density of
10.17 That month, the Governing Board asked the metallurgy group to
produce centimeter cubes of uranium hydride. These cubes would have
to have high density, accurate dimensions, and adjustable hydrogen-
uranium ratios. In addition, the group was asked to furnish material for
nonaqueous critical assemblies and other tests.!®

At the same time, the metallurgy group began developing techniques
for producing 2**U metal. Whereas Spedding had developed an entirely
satisfactory ton-scale production of natural uranium lugs for plutonium
production reactors, Smith at Los Alamos had to worry about avoiding
criticality hazards with highly enriched ?**U, maintaining chemical and
isotopic purity of the material, and preventing the loss of even milligrams
of the precious 23*U. In view of these considerations, plus the desire to
provide absolutely reliable procedures under a variety of conditions, the
group decided to look at more expensive and exotic methods of produc-
ing metal, such as thermal dissociation and atomic hydrogen reduction
of uranium compounds, as well as by the more standard bomb reduction
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Fig. 11.2. Metallurgist Cyril Stanley Smith co-head with Joseph Kennedy
of the chemistry-metallurgy division. LA Photo, LAT 751.

method. This work gave them experience in providing uranium metal for
experiments and weapon production. The work also promised to yield
additional information. Guessing that uranium was metallurgically sim-
ilar to plutonium, Smith planned to use the more abundant substance
as a stand-in for plutonium.

Although Spedding’s large-scale uranium metal production techniques
had used stationary bombs for the smaller-scale and higher-purity reduc-
tions needed at Los Alamos, Smith’s group had to devise a new bomb
design, as well as develop suitable refractories, investigate materials to
be used in the reaction, and develop techniques for each reduction scale.
Determined to proceed in a rigorous, careful manner, the group planned
experiments to test reductions over the range of 1-100 g. Fortunately,
Smith had been able to recruit Richard Baker, who had a knack for
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devising practical techniques and, having worked with Spedding, had
a thorough knowledge of the existing methods of producing uranium
metal. By early 1943, Baker had successfuly adapted the standard Ames
process for use at Los Alamos.!® By fall, the metallurgy group had be-
gun to work with a 50-kW vacuum furnace, casting projectiles for the
Ordnance Division and searching for promising uranium alloys.

Plutonium Chemistry and Metallurgy Begin,
Summer to Fall 1943

In the summer and fall of 1943, the CM-Division also began preliminary
work on plutonium chemistry and metallurgy. The Division’s chemists
spent the summer setting up a full-scale chemistry laboratory and pro-
viding service to other groups. By fall, the effort had expanded to include
purification research aimed primarily at providing analytical techniques.
In this period, David Lipkin began devising an analytical method for de-
tecting oxygen that would be sufficiently sensitive to test whether the
strict purification standard had been achieved. A spectrographic lab-
oratory was established under the direction of Weissman to facilitate
further analytical work. In addition, Wahl began purification studies
using plutonium obtained from uranium irradiated in the Berkeley 60-
inch cyclotron, originally used in his plutonium separation studies.?® In
the fall of 1943, however, plutonium chemistry was a small effort at Los
Alamos in comparison with Chicago; whereas Seaborg had thirteen peo-
ple working on purification, Los Alamos had only six.?! According to
plan, Chicago took the dominant role in purification work before gram
amounts of plutonium were available.??

By the end of the year, the Los Alamos purification group decided
to abandon microchemical purification projects and work instead with
the metallurgy group to devise procedures for the first large plutonium
shipments scheduled to arrive early in 1944 from Clinton. By this time,
the metallurgists had squarely tackled the challenge of large-scale pluto-
nium metal production. While waiting for gram amounts of plutonium,
Smith implemented a vigorous metal reduction program using uranium
as a stand-in for plutonium. By the fall of 1943, almost 250 reductions
had been made, so Smith’s group was prepared to undertake large-scale
plutonium metal production.

Efforts to produce plutonium metal on a microgram scale at the
Met Lab proceeded with greater difficulty. In March 1943, Paul Kirk,
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who had come from Berkeley in January to lead metal production ef-
forts in Seaborg’s group, began working with microgram amounts of
plutonium:2® Throughout the spring and summer of 1943, however, Kirk
and the others in Seaborg’s group had trouble finding workable crucibles
and making a solid pellet for density measurements. Moreover, they did
not know whether they were producing plutonium metal or some other
compounds, perhaps with impurities.?* At this stage, the chemists were
handicapped by their dependence on inherently inaccurate small-scale
procedures and by the sparsity of information about plutonium; because
they could not be sure of the content of the experimental solutions,
they had difficulty making a creditable chemical identification of the
end product. By August, Kirk reported that his group had encountered
“serious difficulties” in their attempts to produce microgram amounts of
plutonium metal, adding that unexpected differences between plutonium
and uranium made uranium seem an inadequate stand-in.2®

Kirk’s difficulties underlined the need for more plutonium at the Met
Lab. At just this time, the need for plutonium at Los Alamos was
also increasing. The agenda for the newly launched physics program in-
cluded, first, the measurement of the neutron number from the fissioning
of 23°Pu (Ghapter 5).2 Oppenheimer began making special requests for
the necessary plutonium. In June, Seaborg learned that Oppenheimer
wanted to borrow 200-400 ug of plutonium for two weeks. After consult-
ing with Seaborg, James Franck, then director of chemistry research at
the Met Lab, decided they could lend 200 pg, half the amount recently
delivered to Chicago. The decision prompted Chicago chemist Burris
B. Cunningham to complain that the loan would leave the purification
and metal production experiments in Chicago in short supply.?” Seaborg
had the chance to recover the controversial loan in person. After being
ordered to take a vacation, he coyly retired to the Santa Fe area. Al-
though he did spend some time relaxing, he also had the opportunity
to confer with Los Alamos scientists (but not at Los Alamos). At a
predawn meeting in late July, Robert Wilson returned the precious 200-
pg sample, “which he was guarding with his personal Winchester ...
deer-hunting rifle.”??

Plutonium was not the only resource in short supply. Seaborg, feeling
the pinch in manpower, began lobbying in May to get a higher pay scale
for his workers, complaining that he had lost three men to his “com-
petitors.” In July, faced with the transfer of many staff members to
Tennessee to help with the Clinton pile, Seaborg termed his manpower
situation “critical.” The NDRC policy against recruiting employees al-
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ready committed to Manhattan Engineer District projects was breaking
down. In response, Joyce Stearns, the Met Lab personnel manager,
issued a memo insisting that employers be contacted in the course of
recruitment, an admonishment prompted by the problem of “pirating of
personnel” from one project to another.?®

Interlaboratory Collaboration for Chemists and
Metallurgists, Fall 1943

In fall 1943, through interlaboratory meetings, researchers began co-
ordinating chemistry and metallurgy at Los Alamos, the Met Lab, and
other MED facilities. The meetings were attended regularly by members
of Seaborg’s group, Berkeley representatives, and Kennedy and Smith.
A special interlaboratory meeting at the Met Lab in September exam-
ined plutonium metallurgy, and the first official monthly interlaboratory
meeting at Chicago held in October focused on plutonium purification
and metallurgy.3?

Disagreements over the division of small-scale metal production sur-
faced immediately. Although plutonium compounds had been identi-
fied, the Chicago group had not yet produced an unambiguous sample
of plutonium metal in time for the September meeting. After hearing a
report from Kirk on the status of metal production, Thomas suggested
that further effort be deferred until larger quantities of plutonium were
available. Kirk and Seaborg, however, persnaded Thomas that metal
production studies should continue at Chicago.?!

Determined to obtain a density measurement in the next few months
both to expedite the war effort and scoop Los Alamos before gram
amounts of plutonium were available there, the Met Lab chemists now
took steps to procure additional expertise and material. In Septem-
ber, William H. Zachariasen, a prominent innovative X-ray crystallog-
rapher from Norway who had worked with X-ray diffraction since the
1920s, set up an X-ray powder crystallography laboratory at the Met
Lab and almost immediately began providing crystal structure informa-
tion on bismuth phosphate to aid in the separation efforts.3? Zachariasen
adapted X-ray powder crystallography into a unique tool for analyzing
the contents of microgram samples of plutonium compounds. Although
crystalline structure is usually determined in materials of known chem-
ical identity and density, Zachariasen found he could use an alternative
procedure in which he first made partial crystal structure identifications
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on microgram amounts of a compound. He used this as a starting point
for determining chemical identity. He could then, by an iterative pro-
cedure, successively refine his determinations of crystal structure and
chemical identity.3?

After the September meeting, the Met Lab chemists thought of an-
other use for Zachariasen’s skills: if a large enough sample of plutonium
metal could be obtained, perhaps X-ray powder crystallography could
be used to determine its structure and density. Accordingly, Franck
wrote Thomas urging him to let Kirk have more plutonium for metal
production attempts, even if the material had to be taken from that
allotted to Los Alamos. Through Thomas, Franck subsequently asked
Los Alamos to relinquish 500 pg of plutonium, later explaining that he
figured Zachariasen needed 100 pg of the metal for X-ray diffraction
studies and that Kirk needed 500 pg of unpurified product to supply
this amount. Although Oppenheimer agreed that density measurements
should be made by Chicago chemists, not by the overworked Los Alamos
group, 500 pug equaled almost the total supply allotted to the laboratory,
whereas the Met Lab had almost 2 mg. As Oppenheimer noted in a 14
October meeting at Project Y, “the stocks of material” were “very much
greater” at the Met Lab than at Los Alamos, and since Los Alamos could
“ill afford” to process plutonium for others, Franck’s request was denied.
Franck apologized for the request and Zachariasen found a way to work
with much smaller amounts. Nonetheless, the continuing problem of
plutonium allocation increased tensions between the two laboratories.?t

In November, the pile at Clinton went critical, after the group had
solved a minor problem caused by improper agitation in one stage of the
bismuth phosphate process and had found a way to can uranium slugs
for irradiation.’® From the beginning, the pile was clearly a success.
Before the end of 1943, a few hundred micrograms of plutonium were
sent to Chicago; production schedules indicated that by spring 1944,
gram quantities would come to Los Alamos.?¢

The successful operation of the Clinton pile had many ramifications.
As a testing ground for a full-scale production plant, it served as a warn-
ing that an all-out effort would have to be organized to put protective
metal coverings on uranium slugs. Clinton also proved that Seaborg’s
group and du Pont had developed a successful industrial-scale method
for separating plutonium from uranium and fission products, although
both Seaborg and du Pont representatives knew that this method would
have to be modified for the much larger scale Hanford processes.’’
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The First Burst of Progress in Uranium
Metallurgy, Winter 1943-1944

The main pieces of metallurgical equipment were installed while efforts
were being made to coordinate the difficult, time-consuming task of
plutonium purification in the fall of 1943. During this period, the CM-
Division defined the standard uranium metal production method and got
a solid start in the development of the other chemical and metallurgical
procedures needed to produce and fabricate the uranium for Project Y.

To provide uranium hydride cubes for criticality experiments (Chap-
ter 17), the metallurgy group studied the kinetics of hydride formation
and ways to coat the pyrophoric powder to make it inert.*® By January,
the metallurgy group was using polystyrene to impregnate UH3 powder,
producing a nonpyrophoric substance that was readily pressed, although
it had a hydrogen-to-carbon ratio of only one. In March, Bacher an-
nounced that integral hydride experiments would start soon, and the
group set up an apparatus for large-scale uranium hydride production
and studied the effect of pressing variables on the density of plastic
bonded compacts.

The metallurgy group also began implementing the careful, rigorous
uranium metal production program that Smith and Baker had planned.
A series of exploratory elecirolytic experiments were performed. Sta-
tionary bomb efforts met purity and yield objectives. In addition, in
January and February they initiated a series of tests on the 1-g scale us-
ing a graphite centrifuge and on the 10-g scale using a stationary bomb.
The work with the stationary bomb pinned down optimum heating and
firing procedures and demonstrated the superiority of the stationary
bomb method, which became the standard uranium metal production
procedure at Los Alamos.3?

During this period, the CM-Division also began two new projects. The
chemistry group began working on uranium recovery procedures and
the metallurgy group developed uranium casting procedures. Recovery
procedures were vital to collect the residues remaining in crucibles and
slag. The uranium metal would undergo remelting and casting, both to
remove impurities and to shape the material. The casting procedures
were meant for unenriched uranium to be used in gun tests, because such
parts could be cast directly into the desired shape. In contrast, active
material parts required further fabrication to closer tolerances. Casting
began in the last two months of 1943.%°
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The Difficulties of 2**U Procurement,
Spring 1943 to Summer 1944

While the CM-Division was defining procedures for producing uranium
metal and preparing for the challenges of plutonium purification and
metallurgy, Oppenheimer worried about obtaining a sufficient quantity
of 235U, He had estimated at the April 1943 conferences that the elec-
tromagnetic separation method would produce 100 g of 23U per day
in 25 percent concentration by 1 January 1944, but this goal proved
impossible. Despite a massive research eflort by more than a thousand
scientists at Kellex and Columbia University, a suitable barrier for the
gaseous diffusion plant had not yet been found, and Groves decided to
eliminate the upper parts of the gaseous diffusion cascade and use the
product to feed the electromagnetic plant that was under construction at
Oak Ridge that summer. When it appeared that the hope for producing
sufficient 233U lay with this plant, Lawrence was able to convince Groves
to increase its size. But when the first oval isotope separation appara-
tus, or “racetrack,” was completed in late October, a series of problems
erupted, most notably an electrical shorting in the magnet coils. By
early December, the plant’s only racetrack had stopped working.*!

In early 1944, a small amount of low-enrichment uranium became
available for nuclear physics tests: 150 g were sent from Berkeley in
early February, and the first small shipment from Oak Ridge came in
early March. Nonetheless, delays at Oak Ridge inevitably caused prob-
lems for Oppenheimer. Whereas Bacher was told in November that he
could expect uranium for the Water Boiler by 15 January, sufficient ma-
terial had not arrived by February, whereupon a 1 April deadline was
announced.*?

Oppenheimer’s problems grew worse in late 1943. Details of the first
2357 delivery were difficult to wrest from Groves, who wanted to keep
information about Oak Ridge, including production schedules, highly
secret. Arranging for the uranium specifications was also a headache.
In January, when Oppenheimer instructed that the material be shipped,
he included the impurity limitations and requested that the material be
shipped according to enrichment level. Col. Kenneth Nichols, Groves’s
contact at Oak Ridge, insisted that such segregation would delay deliv-
ery by at least two months, although he promised that the enrichment
would not drop below 10 percent, an arrangement that ultimately proved
acceptable to the Governing Board. In April and May, the specifications
were still being worked out between Los Alamos and Oak Ridge.*?



Uranium and Plutonium 219

Los Alamos metallurgists still had to wait for material. Although
by May 1944 sufficient material was available for criticality experiments
with the Water Boiler, the metallurgy group did not have 233U to work
with until August 1944. Concerned about the 23U procurement, Oppen-
heimer urged Groves to consider a third method of isotope separation,
thermal diffusion. Philip Abelson, who had helped Edwin McMillan
discover neptunium in 1940, had designed a series of thermal diffusion
columns with navy funding. Groves agreed, and in June 1944 the H. K.
Ferguson Company of Cleveland signed a contract to build a thermal
diffusion plant at Oak Ridge.!*

Gearing Up for 2**U Metallurgy, Spring—Summer 1944

While waiting for the first large shipment of 23U in the spring and sum-
mer of 1944, the CM-Division defined most of the methods necessary for
the production of uranium hydride, implemented procedures for making
uranium metal, and laid the groundwork for the recovery and fabrication
of uranium. At this point, the chemistry and metallurgy groups were
under considerable strain for two reasons: they had to do the uranium
work at the same time that they were struggling to prepare proedures
for plutonium, as explained in the next section, and they had to hurry,
since they knew there would be little time to devote to uranium met-
allurgy once the plutonium chemistry and metallurgy efforts began in
earnest.

In the spring of 1944, a useful procedure was defined for making plastic
compacts with a high hydrogen-to-carbon ratio. By April, researchers
had discovered that the newly introduced product, polyethylene (which
had two hydrogen atoms for every carbon atom), was too difficult to
dissolve to allow good impregnation. With polyethylene, refabrication
of UH;¢ into UHg would require the complete reprocessing of UH3. By
July, Richard H. Kirby had devised a way to hydrogenate the double
bonds in polystyrene. The resulting plastic, which had a high density
and a hydrogen-to-carbon ratio of 1.75, made good UH;o compacts. It
was also readily soluble and allowed easy removal of the plastic. By 1
August, 100 g of this plastic had been made, and by the next month,
final fabrication methods had been developed and all dies and produc-
tion equipment designed. In addition, Monsanto had been persuaded to
produce hydrogenated polystyrene and delivered an initial order of three
pounds.*’
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In the spring of 1944, the rigorous program on uranium metal pro-
duction yielded procedures capable of producing high-quality uranium
metal with minimal loss. Reductions were conducted on the scale of
1-10 g with UF4 and UCl;, both with stationary bombs and with the
graphite centrifuge. In this period, the metallurgists also worked on the
200-g scale using unenriched fluorides from Oak Ridge. On July 1, UF,
stationary bomb reductions on the 250-g scale produced well-formed
buttons (disks of solidified metal, as recovered from the reactor) with a
99 percent yield. Stationary bomb reductions of UCl; on the 200-g scale
also produced buttons with excellent 99.5 percent yields. However, the
metallurgy group concluded that, although the reduction of UCl; could
be used as a production method, it had some drawbacks — notably, the
hydroscopic nature of UCl;, which introduced undesirable oxygen and
allowed the slag to penetrate the liner. Work also continued on reduc-
tion by electrolysis, on the 50-mg, 40-g, and 200-g scales. By summer,
work focused on defining optimum conditions on the 200-g scale. In Au-
gust, the group concluded that it was now “proven that uranium can be
electrolytically reduced on production basis.”*®

In this period, the chemistry group defined the uranium purification
and hydrofluorination procedures needed for uranium recovery.t’ Al-
though the metallurgy group had little time to work on uranium remelt-
ing and casting because of the heavy burden of plutonium metallurgy, a
fabrication group was started in July under the direction of Alan U. Sey-
bolt. One of its first tasks was to investigate impurity behavior during
200-g uranium remelts. The group also took the first steps in devis-
ing the more sophisticated fabrication procedures needed to preserve
the precious enriched product by making 25-g castings of unenriched
material for investigations of optimal procedures for rolling 23°U. By
August, preliminary work was also under way in rolling and cladding,
hot-pressing, and forming uranium metal.

Pile-Produced Plutonium Reaches Los Alamos,
November 1943 to April 1944

Organizational difficulties continued to plague plutonium efforts during
the fall and winter of 1943-44. The operation of the Clinton pile in
November 1943 opened new questions about the division of chemistry
and metallurgy responsibilities. Participants at the February interlab-
oratory meeting agreed that a flowsheet should be put together each
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month to provide a concrete focus for discussions on the best pluto-
nium purification scheme. Seaborg’s summary of the meeting indicated
that Met Lab work, which included three final purification procedures
(precipitation, solvent extraction, and the use of volatile compounds),
formed the main line of purification research. Kennedy had other ideas.
This talented young chemist, whose genius for instrumentation had been
crucial in the discovery of plutonium, had begun to resent the ambitious,
publicity-prone Seaborg during their early collaboration in plutonium
discovery. Kennedy had delegated purification responsibilities to Wahl,
another plutonium codiscoverer, and amid rumors that top Los Alamos
chemists had lobbied to exclude Seaborg from Los Alamos, Wahl devised
his own purification flowsheet. Despite the efforts of Oppenheimer and
Thomas to coordinate research, Wahl was not particularly interested in
the Chicago work and drew instead on his substantial experience with
plutonium chemistry at Berkeley, uranium stand-in work, and purifica-
tion studies performed the previous fall at Los Alamos.*®

While the chemistry responsibilities were being debated, members of
Seaborg’s group were still strugging to produce plutonium metal on a
small scale, so that they could make an unambiguous density determi-
nation. In the last months of 1943, the group obtained confusing and
disappointing results. One puzzle, which would not be unraveled un-
til early the next year, was that sometimes a light-colored product was
produced when the plutonium was converted to fluoride, whereas at
other times a dark-colored product appeared, even though the chemical
procedure seemed identical in both cases.?? Problems with density mea-
surements prompted even more concern. When the first unambiguous
plutonium metal sample was finally produced by reducing PuF, with
barium in November 1943, the density was measured first as 15.5 and
then as 15 g/cm?.%° Because metallurgists, extrapolating from uranium,
had expected the value to be around 19, it now appeared that more
plutonium than originally anticipated was needed to make a bomb. Un-
certain of their measuring techniques, they asked Zachariasen to carry
out a measurement by X-ray diffraction. In December, he concluded
that the material (incorrectly) thought to be plutonium metal had a
density of 13. The Met Lab desperately hoped the sample was impure
~ if the density of metallic plutonium was really 13, the project would
need two full-scale production plants to provide the plutonium needed
for the weapon program.5?

Chicago chemists faced this disheartening possibility just as a wave
of anxiety was spreading through the Met Lab. The previous August,
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Compton had voiced his fear that the Germans would be using radioac-
tive weapons within six months. In December, in the midst of the first
discouraging density measurements, Franck worried about the German
announcement of a secret weapon, which he took to be a sure indication
that a German atomic bomb was under construction. Compton, Henry
Smyth, and Fermi anxiously met to discuss what should be done if a
German weapon were used first.*> Throughout the bomb project, fear
provided a powerful incentive, and at this juncture, Met Lab chemists
faced particularly grim prospects concerning the possibilities of failure
as opposed to success.

The best hope at the beginning of 1944 for answering basic metallurgy
questions was gram-scale procedures. Although the Chicago scientists
were told at the January meeting to focus their efforts on further density
measurements, Smith and his team at Los Alamos were ready to test
large-scale procedures more likely to resolve the matter. Applying the
knowledge gained from earlier stand-in work, they mapped out a metal
reduction program, which they tested in early February with uranium.>?
When the first half-gram batch of plutonium reached Los Alamos later
that month, the metallurgy group eagerly subjected it to three tested
procedures: two metallothermic reductions using calcium in a stationary
bomb and in a centrifuge, and fused-salt electrolysis.** No one was sur-
prised when Los Alamos density measurements, taken by the capillary
displacement method, showed values around 16. Further confirmation
came from Zachariasen, who identified a characteristic face-centered cu-
bic metal crystal structure from a Met Lab sample with a density also
around 16.%°

Suddenly, however, the situation changed. At the February interlab-
oratory meeting, Chicago chemists announced that Zachariasen’s X-ray
diffraction studies of their samples revealed two distinct crystal struc-
tures in the plutonium fluorides, PuF3 and PuF4, which had both been
used indiscriminately to produce plutonium metal. This explained why
the fluoride product was sometimes dark-colored and sometimes light-
colored. At first, they were unaware that cylinders of hydrogen fluoride
often contain hydrogen, which reduces PuF4 to PuF;. When PuF, was
formed, the product was light; when PuF; was formed, the product was
dark. Once they learned how to make the two compounds selectively
on a routine basis, the chemists found it more efficient to make plu-
tonium metal from PuF; than PuF;, particularly in small-scale metal
production; the difference in yield was not significant for gram-scale

procedures.®®
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On 22 March 1944, the day after he heard of the Los Alamos density
measurement, Chicago researcher Sherman Fried demonstrated to a col-
league a technique for preparing and weighing a plutonium sample. To
his great surprise, he obtained a density greater than 19. Assuming that
he had made a mistake, Fried made several more density determina-
tions using recently received plutonium samples. Each time, the density
was close to 20. Further testing at Los Alamos confirmed these results,
but no one could explain the unexpected change. In April, Smith told
Kennedy that with the expected plutoniumn allotment of 3 g a month,
his group would be able, with extensive recovery procedures planned to
allow reuse, to run about fifty 1-g reductions by the end of July. Al-
though the first series of metal reductions had produced only one success
- Ted Magel produced some rather cokey plutonium in a 1-g run using
PuF,4 reduced with lithium in a centrifuge — Smith felt confident that
they would be able to develop a technique for producing good metal in
three months.>”

Purification Achieved and Plutonium Metal Unveiled,
April 1944 to July 1944

Still unaware of the discovery of substantial spontaneous fission in pile-
produced plutonium (Chapter 12), Chicago and Los Alamos researchers
continued to vie for control over purification procedures. At the April in-
terlaboratory meeting, Seaborg presented two purification schemes and
Kennedy presented a quite different scheme prepared by Wahl. All
procedures purified plutonium first with “wet chemistry” — through
oxidation-reduction cycles — then converting the product to halide with
“dry chemistry.” However, both Chicago schemes used a solvent to ex-
tract Pu-VI and then either precipitated or extracted the Pu-IV.%® In
contrast, the Los Alamos scheme focused on precipitating Pu-VI, first
as sodium-Pu-VT acetate, then used ether to extract Pu-VI, before re-
ducing it to Pu-IV and converting that to the chloride. Furthermore,
the Chicago procedure used tetrafluoride for dry conversion whereas the
Los Alamos procedure used trichloride. Kennedy was confident of his
group’s methods because Wahl had already successfully tried the wet
chemistry procedure on a 10-mg sample of plutonium in the new air-
conditioned, dust-free chemistry facility, building D, completed in late
1943.59

Although members of the group felt that they should agree on a single
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purification scheme, they decided that all ideas should be entertained.
Indeed, by this time, Los Alamos chemists were already successfully puri-
fying plutonium from Clinton for the first 1/2-g and 1-g metal production
experiments at Los Alamos.®? In these experiments, the plutonium did
not have to meet the strict weapon standard for light impurities. Nev-
ertheless, Wahl confidently told Kennedy a few days before the April
meeting that as long as care was taken to avoid contamination from
reagents and the experimental environment, he could meet purity re-
quirements through wet procedures, with only a few modifications to
his current method.

Others were not so optimistic about the status of purification ef-
forts. In February or March 1944, Compton called a special meeting
between Chicago chemists and a representative from Clinton because of
“the growing realization” at Chicago that achieving purification stan-
dards would be an “exceedingly difficult” task. Unlike Wahl, Chicago
researchers did not think that necessary purification standards could be
met, especially in light of the possibility of contamination. The group
suggested that a mass spectrograph might be used for purification, but
Thomas later vetoed this idea after preliminary work indicated that the
method would take at least one year to develop.®?

At the 17 April interlaboratory meeting, Seaborg summarized the
current knowledge of plutonium metal. By then researchers knew that
plutonium metal came in at least two forms, one with the face-centered
cubic structure identified by Zachariasen with a density around 16, and
the other, having a complicated, unidentified crystal structure and a
density around 20. Spectroscopic analysis had shown samples of the
latter to be extremely pure, and Seaborg theorized that lower densities
were the result of impurities. He also gave the estimated melting point
of plutonium as 950--1,000° C, a value close to that of uranium. By
June, Los Alamos researchers had significantly corrected this view.®?

Ten days after the April interlaboratory meeting, Seybolt reported
results from a Los Alamos experiment aimed at exploring how pluto-
nium metal reacted to heat. The metallurgists found five “temperature
arrests” (i.e., temperatures at which the material would absorb heat
without a temperature increase) between 137° and 580° C, the first oc-
curring between 137° and 147° C.%® Although this evidence suggested
transitions between multiple phases of the metal, these results were so
unusual that Los Alamos metallurgists remained highly skeptical of the
apparent high number of phase transitions. They continued to test heat
arrests, and when more material became available, they performed ther-
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mal expansion measurements. In one test, a plutonium sample was
sealed with hexadecane in a pycnometer, a vessel of known volume that
indicates the change in volume of a sample with heating. As Smith ex-
plains, the expansion was rapid “beyond all expectation.” By the end
of June, the metallurgists had “fully established a large density change
near 135° C.”%¢

Recognizing that there were at least two allotropic forms of plutonium,
the metallurgists concluded that the room-temperature phase, the
phase, had a density around 20 and a complex crystal structure, and that
the second phase, formed at about 135° C, had a density around 16 and a
face-centered cubic crystal structure. Although then identified with the
3 phase of plutonium, the phase in fact seen was the face-centered cubic
6 phase. The existence of allotropic forms in plutonium explained the
puzzling difference in density measurements for plutonium metal. In the
early experiments at Chicago and Los Alamos, impurities stabilized the
low-density form. About the time Fried made his fateful measurement in
March 1944, the plutonium being studied was purer, and thus the higher-
density form could be created.®® Los Alamos metallurgists were relieved
to solve the density puzzle but worried that the large volume changes
between transitions at such low temperatures would cause fabrication
difficulties.5¢

Soon another unexpected characteristic of plutonium metal emerged.
In May, while attempting metal reduction by electrolysis using tungsten
cathodes, Morris Kolodney, who had both the temperament and skills
necessary to maintain the meticulous control of experimental conditions
required by this method, dissolved PuCl; in a fused salt bath. Although
most metal reduction experiments were being run between 1,100 and
1,300° C, he ran the reduction at 650° C because he was using a pyrex
glass container, which softens at high temperatures, and a salt bath
with a low melting poini. To his surprise, clean metal beads, much
nicer than the usual cokey product, formed at this lower temperature.
To his astonishment, further tests indicated that the melting point of
plutonium was about 635° C, more than 400° C lower than previous
estimates. Metallurgists had been led astray because they expected the
melting point of plutonium to be as high as the known melting point of
uranium, an expectation apparently confirmed when early small samples
did not flow, but retained their shape at high temperatures. Actually,
since plutonium is a highly reactive metal, it easily forms an oxide-nitride
skin that envelops small samples in a stiff shell.®”

This discovery of the low-temperature allotropic transformations and
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the low melting point of plutonium marked a giant step forward for
Los Alamos scientists. Now that they understood that metal reductions
were being run at excessive temperatures, they were able to formulate
more effective procedures. Moreover, the quality of Kolodney’s prod-
uct quelled fears that it would be difficult to produce good, malleable
plutonium. In addition, the understanding of allotropic transformations
allowed the metallurgists to avoid phase transformation temperatures
during fabrication.®®

The biggest problem facing Kennedy now was plutonium purification,
but Los Alamos chemists made considerable progress in this area in the
spring and early summer of 1944. During this period, dry conversion
efforts focused on trichloride studies, although studies were also made
with tetrafluoride, trifluoride, and tribromide.®® In the meantime, runs
with larger amounts of plutonium had revealed serious problems with
Wahl’s original wet purification scheme: it caused too much uranium
to be retained; produced plutonium nitrate end products, which caused
splattering‘ when converted to PuO;; exposed workers to considerable
toxicity when operated on the multigram scale; and reduced impurities
insufficiently, probably because of contamination.™

To remedy these defects, Wahl devised an improved scheme, called
the “A” process, which separated uranium more thoroughly, yielding a
plutonium product, which then converted smoothly to PuQO, without
splattering. In early July, Kennedy judged that the new scheme was
“good and safe.” It had a yield of approximately 90 percent, and because
the precipitates settled readily, they could be separated by decantation
from their supernatants, and an enclosed apparatus could be used to
reduce the chance of plutonium contamination and to protect workers.”*

Chemists were uncertain about the extent of light-element impurities
in Clinton plutonium because analytical techniques were unreliable for
small samples, and they had not yet received enough material to risk a
thorough analysis. In addition, although the analytical group had settled
on the cupferron method of measuring a wide range of impurities in plu-
tonium, the difficult task of measuring fluorine and oxygen was not yet
complete, despite the progress on an ingenious scheme for oxygen analy-
sis that grew out of Lipkin’s efforts the previous fall. Nonetheless, Wah!
felt that the scheme would produce plutonium meeting light-element pu-
rity requirements. If it did not, he was confident that he could devise
the necessary additional purification procedures.”

At this point, Oppenheimer announced the discovery of spontaneous
fission in pile-produced plutonium, and the problem of purification from
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light elements became moot. On 14 July, Oppenheimer told Kennedy
that the lifting of plutonium purity requirements “was a virtual cer-
tainty.” Four days later, Compton announced the disturbing news to
Seaborg along with other Met Lab researchers.”®

In light of the pressing need for trained people at other facilities,
particularly Los Alamos, many scientists left Chicago in the summer of
1944. Like other group leaders, Seaborg lost several members. As plans
for the Hanford production plant accelerated in mid-1944 and Clinton
continued operation, Met Lab chemists and du Pont engineers remained
tied up in developing and maintaining large-scale plutonium separation
procedures. Although plutonium chemistry was still a part of Met Lab
work, the focus of plutonium research and development shifted to Los
Alamos.™
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The Discovery of Spontaneous Fission
in Plutonium and the Reorganization
of Los Alamos

During the spring of 1944, Emilio Segré’s group in P-Division made the
startling observation that the first samples of pile-produced 2*°Pu had
an unusually high spontaneous fission rate, with a neutron emission ap-
proximately five times that of cyclotron-produced 23°Pu. This finding
confirmed the gnawing suspicions of Fermi, Segré, Seaborg, and others
that the neutron bath in the production piles at Clinton and Hanford
might cause the formation of a significant quantity of 2*°Pu, an as-yet-
unobserved spontaneously fissioning isotope of plutonium. However, the
alarmingly high rate of the spontaneous fission was unexpected. This
rate increased the neutron background enough to make it highly proba-
ble for a gun-assembled gadget to predetonate and thus undermined the
plutonium gun program.

Determined not to lose the heavy investment made in plutonium pro-
duction, Groves forced the laboratory to change course. The primary
technical objective shifted from developing a gun weapon to develop-
ing a plutonium implosion assembly. Within days after Oppenheimer
officially announced the spontaneous fission discovery, the laboratory
reorganized its work force to focus on implosion. Two new divisions
were established - X (Explosives) under Kistiakowsky, and G (Gadget)

* This chapter is based on a draft by Lillian Hoddeson to which Paul Henriksen
contributed the section on the summer 1944 reorganization. The technical content
was edited by Gordon Baym and Les Redman. An early draft was edited by
Richard Hewlett.
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under Bacher. Most of the groups in these new divisions were moved
out of the earlier Research and Ordnance Engineering divisions. Unfor-
tunately, at this point experiments in the implosion diagnostic program
were indicating that an implosion weapon would be extremely difficult,
if not impossible, to achieve.

Spontaneous Fission Studies at Berkeley, 1942-1943

One of the first experiments to search for spontaneous fission was con-
ducted in the late 1930s by Willard F. Libby, but it was not successful.?
Shortly afterward, Niels Bohr and John Wheeler touched on the the-
ory of spontaneous fission in their comprehensive treatment of nuclear
fission in 1940.2 Fermi and Arthur Compton certainly worried about
the possibility of spontaneous fission in designing the first atomic pile,
because the added neutron background from spontaneous fission would
influence pile functioning.® The first to observe spontaneous fission were
K. Petrzhak and G. N. Flerov, in their Leningrad uranium experiments
in 1940.%

Like several other wartime Los Alamos developments, the spontaneous
fission program grew out of nuclear studies at the Radiation Labora-
tory of the University of California in Berkeley. Starting in late 1941
or early 1942, Segré and several of his Berkeley graduate students —
Owen Chamberlain, George Farwell, Gustave Linenberger, and Clyde
Wiegand - conducted pioneering spontaneous fission studies. Operat-
ing within the Berkeley tradition of cooperative research established
by Ernest Lawrence, Segré’s group collaborated with Berkeley chemists
Joseph Kennedy and Arthur Wahl; both would later join Project Y.%

Segré’s spontaneous fission group also worked closely with another
Berkeley group that employed many of the same techniques and staff.
This group measured nuclear properties, such as «a activity and the
neutron-induced fission rate. Both groups used very thin layers of mate-
rial and needed extremely stable amplifiers for their counting of fission
events. Among other problems, this nuclear physics team analyzed the
isotopic content of different mixtures of uranium produced in Lawrence’s
mass spectrograph, the Calutron. Segré and Kennedy were in both
groups, as was Wiegand.®

Using ionization chambers to detect fission fragments, the Segré team
explored spontaneous fission in a variety of elements, including tuballoy
(the naturally occurring mix of 23*U, 23°U, and ?**U) and plutonium.
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Their extremely small samples of precious plutonium (of the order of
micrograms) were made by deuteron bombardment of 238U in Berke-
ley’s “Crocker” 60-inch cyclotron. They had to make thin layers of
material, particularly the uranium - to ensure that the short-range fis-
sion fragments would enter the ionization chamber and register full-size
pulses — while avoiding false counts caused by the coincidence of several
a-particle pulses.”

Delicate experimental problems arose requiring the detectors to be
cutting edge technologies. For one thing, the electronics had to be
highly sensitive, as well as fast and versatile.® The experimenters worried
constantly about detecting false counts or missing real ones. To avoid
electrically induced false counts, the apparatus was entirely battery-
operated. When more counts were seen during daytime hours than at
night, the group initially thought that the difference was caused by cellos
in rooms nearby resonating with the apparatus.’ They eventually traced
the difference to the light in the room; photoelectrons were needed to
begin the electron multiplication avalanche that registered fissions in
their gas-filled cold-cathode detector. Simply leaving a flashlight on at
night inside the apparatus equalized the day and night counts.!® They
also tried to avoid the false counts caused by the coincidence of several
a-particle pulses.’’ On 24 June 1943, the group established an upper
limit for spontaneous fission of 5 fissions/kg sec in such plutonium, or
18 fissions/g hr.!?

Spontaneous Fission Studies Begin at Los Alamos

Several researchers had suggested that a mass 240 isotope of plutonium
would be produced in nuclear piles even before Los Alamos established
its scientific program. The argument drew on an analogy with ura-
nium. When thermal neutrons interact with 2**U, two competing pro-
cesses take place: fission and neutron capture, which lead to the for-
mation of 23¢U through the emission of gamma rays.!®* Plutonium-239
was expected to behave analogously, since 23%Pu, like 233U, is fission-
able with thermal neutrons.!* Neutron capture with the emission of a
photon could presumably cause the formation of 2*°Pu in proportion
to the square of the neutron irradiation in the pile. The new isotope,
having an even number of neutrons and protons, would be likely to fis-
sion spontaneously.’® At the Chicago Metallurgical Laboratory, Seaborg
recorded in his diary on 18 March 1943:
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The possibility of forming 94-238, 94-240, 93-237, 95-240 and other
isotopes in a high power chain-reacting pile ... a cross-section one
percent of the fission cross-section would result in enough 94-240
to complicate the purity problem if it is a short-lived a emitter
.... If the spontaneous fission rate of 94-240 is high, e.g., a half-life
of less than 1010 years, it might be serious. Another possibility is
an appreciable n,y reaction with 93-239, which could lead to the
formation of 94-240 by 8 emission.”1¢

Fermi, having assembled the first chain-reacting pile at Chicago in 1942,
and for many years concerned with the creation of new elements through
neutron capture, was — like Wahl, Kennedy, and Segré — suitably placed
to conceive of the formation of 2*°Pu. Although these (and probably
other) researchers saw that 2°Pu might be an impurity in pile-produced
plutonium, no one appears to have suspected the magnitude — that the
spontaneous fission rate of pile-produced plutonium would be a mil-
lion times that of 2*°U. The expected neutron emission rate would not
have affected the gun program; rather, the overriding concern was about
neutrons resulting from the interaction of a particles emitted by the plu-
tonium with light-element impurities in the fissile materials. That spon-
taneously emitted neutrons might overwhelm those from light-element
interactions to an extent that could produce predetonation could not be
determined experimentally until the neutron fluxes in the plutonium-
producing piles were actually measured.!”

At the April 1943 Los Alamos conference, predetonation of the atomic
bomb was one topic of discussion. Chemists both at Los Alamos and
the Chicago Metallurgical laboratories planned to cope with the a,n re-
actions by “super purification,” a program directed toward preparing
highly pure material (Chapter 11). In the scientists’ opinion, the dis-
covery of a significant level of spontaneous fission would make the costly
purification effort superfluous, but they judged such spontaneous fis-
sion unlikely. Nevertheless, for completeness in the study, Oppenheimer
asked Segré, who was attending the conference as a visitor, to look into
the spontaneous fission issue. He invited Segré to move the Berkeley
spontaneous fission program to Los Alamos.

Segré immediately began to prepare for this new assignment, assem-
bling materials and his small group of young physicists — Chamberlain,
at this time almost twenty-three, with a B.A. from Dartmouth College in
1941; Farwell, age twenty-three, with a B.S. from Harvard University in
1941; Linenberger, almost twenty-three, with a B.A. from Rice Univer-
sity in 1941; and Wiegand, twenty-eight, with an A.B. from Willamette
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Fig. 12.1. Experimental physicist Emilio Segré was head of the nuclear
physics group responsible for exploring spontaneous fission. LA Photo, 1582.

College in 1940 and a commercial radio operator license from the fed-
eral government in 1933. Farwell recalls that in mid-June 1943, “we all
packed up, bags and counters, detectors, electronics and all, and went
off to Los Alamos ... where we became Segré’s group.” The equip-
ment was shipped to New Mexico in an Allied moving van, in which
Linenberger rode “shotgun.” Segré and Farwell flew to New Mexico in
a commercial DC-3, arriving in Santa Fe on 18 June. Initially the group
set up its gpparatus in temporary quarters in the technical area of the
laboratory.'®

For their long-term experiments, however, they searched for an undis-
turbed site, one with “peace and quiet from electrical and audible dis-
turbances, and shielding from cosmic rays.” Farwell recalls exploring
“caves at the bases of various cliffs, looking for a spot that might be
easy to dig into and make a laboratory .... We ended up being allowed
to put our experiment in a Forest Service cabin, an old log cabin in Pa-
jarito Canyon, a site located 14 miles from the main technical area by
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Fig. 12.2. United States Forest Service cabin in Pajarito Canyon used by
the spontaneous fission group of the physics research division. Photo courtesy
of George Farwell.

the route traveled,” which was shielded from the radiation background
and other activities of the laboratory.!® Segre recalls: “It was a most
poetic place ... we went there by jeep every day. There was a bed in it,
somebody occasionally slept there.”?°

While Segré and his group were traveling to Los Alamos from Berke-
ley, a report from Paris arrived via the grapevine of Frédéric Joliot,
Pierre Auger, Arthur Compton, Richard Tolman, and Oppenheimer.
The report described Joliot’s discovery of spontaneous neutron emis-
sion from polonium and lent further support to the decision to explore
spontaneous fission. At the Governing Board Meeting on 17 June 1943,
Oppenheimer read from Tolman’s report on his recent visit to Chicago:
“in connection with the purification problem, Dr. Compton wishes me
to call your attention to a report, coming through Ogier [sic Auger], that
Joliot has found a spontaneous emission of neutrons from polonium, as
well as the production of neutrons through the (a,n) reactions with im-
purities. Compton guesses that there might be one spontaneous neutron
to 107 a particles from polonium and is having the matter looked into
at Chicago.” If true, this effect would rule out the polonium-beryllium
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initiator intended to begin the nuclear reaction, because of the accompa-
nying spontaneous neutron background.?? Of significance for the spon-
taneous fission studies of plutonium was Joliot’s speculation, recorded
by Tolman, “that perhaps in general a small spontaneous neutron emis-
sion might be expected to accompany « emission, and Fermi is inclined
to agree on the basis of his ideas as to nuclear rearrangements.”?? The
results therefore raised the serious possibility that plutonium, itself an
« emitter, might create a threatening neutron background by fissioning
spontaneously.

As David Hawkins, who attended this meeting, recalls, Joliot’s results
were not trusted at Los Alamos: “Because the difficulties of purifying
polonium were already well known at Los Alamos, it was generally be-
lieved that Joliot must have overestimated the purity of his material,
and that his neutrons were really from the (a,n) reaction of light ele-
ment impurities.”?* Bethe commented at the meeting: “The reaction
might easily be due to impurities .... A neutron could be expected to
follow the o decay if the nucleus were sufficiently excited.” Neverthe-
less, the “ ‘Joliot effect,’ if real, might materially affect the program of
the Laboratory,”?* and the decision was reconfirmed to look carefully
into whether plutonium exhibited spontaneous neutron emission. Op-
penheimer stated at the meeting that Segré “should be given facilities
and guards in Pajarito Canyon and go into all the spontaneous fission

questions.”??

Early Studies at Pajarito and the Effect of Cosmic Rays

Recreating the Berkeley procedure, Segré’s group had set up its battery-
powered a-particle-counting apparatus in Pajarito Canyon by the first
of August 1943. By the middle of that month, the team was study-
ing samples of polonium, protactinium, ionium (thorium-230), 2**U, en-
riched ?*°U, impure 238U, and 2**Pu. The precious ?*°Pu - five 20-ug
samples — had been made in the Berkeley 60-inch cyclotron. Later in
the program, increased sample sizes made it necessary to construct new
ionization chambers and new amplifiers.2®

Chamberlain, Farwell, and Wiegand improved on the nitrogen-filled
ionization chambers they had designed in Berkeley to replace the earlier
air-filled chambers. Roughly 5 inches in diameter and a foot tall, the
chambers were filled with boron trifluoride and installed in 20-inch cubes
of paraffin. To make the best use of the nitrogen-filled chambers, the
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group built amplifiers with better stability and frequency characteristics,
as well as less attenuation, than in the Berkeley experiments. Wiegand
designed most of the electronics, then based on the 6AK5 vacuum tube,
the stand-by of that time. Six-volt automobile batteries, arranged in
racks, powered the filaments, while arrays of 45-V B batteries supplied
90 V for the plates and screens.?” Wiegand recalls that Fermi, a close
associate of Segré (the two had worked together in Rome), took great
interest in this experiment, often sitting with him as he developed the
electronics. They “looked in the scope and we’d change the resistors
and just make little changes as [ was trying to make the pulses go faster
and faster.”?® Fermi would later play a critical role in confirming the
experimental results.

By 19 August, the group was collecting its first data.?? Six weeks later,
the chambers were regularly counting 234U, 23U, 234U, and 2*°Pu, as
well as thorium. To reduce error, they systematically interchanged the
samples between the chambers.>® However, with the very small samples
available thus far, the group was not yet able to determine the actual
spontaneous fission rate of 23°Pu.’! The rate of 2*°Pu would not be
measured for some time to come.

To determine the spontaneous fission rate of an element, the group
had not only to observe and count fission fragments, but also to deter-
mine v, the average number of neutrons emitted per fission, a parameter
that thus far had only been estimated as approximately equal to that
for slow-neutron fission. Combining coincidence chamber measurements
on 90 pg of plutonium with data obtained by the German researchers
W. Maurer and H. Pose, Farwell and Chamberlain obtained a value
of v = 2.3 for spontaneous fission of 2**Pu, almost the same as that
obtained in neutron-induced fission.? In a concurrent but separate de-
termination, Wiegand and Segre reported v = 2.37 £+ 0.3 for 3?Pu.
They also measured the distribution of the fission fragments and the
ionization produced by fission fragments of various sizes.** The group
concurrently studied the spontaneous fission of uranium, using separated
uranium isotopes prepared at Berkeley.

Within a month after these experiments began at Los Alamos, Segré’s
group noticed that the fission rates for 224U at Berkeley and Los Alamos
were in agreement, but that the Los Alamos rate for 2**U was substan-
tially higher than the Berkeley rate. They concluded by November 1943
that the discrepancy arose from cosmic rays, which are more numer-
ous at Los Alamos, owing to the laboratory’s high altitude. Cosmic-ray
neutrons were inducing fission in the uranium samples, an effect show-
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ing up as false spontaneous fission counts.** Because 2**U showed the
altitude effect and 223U did not, and because the rate of spontaneous
fission greatly exceeded the rate of induced fission by cosmic-ray neu-
trons, they learned that spontaneous fission, which causes far greater
neutron production than change in altitude, occurs in 2*¥U and not in
2357. Thus, the serendipitous change in altitude revealed that there was
no need for concern about predetonation due to spontaneous fission in
2357, a finding of practical importance for the uranium gun program.

During the last three months of 1943, the group focused on improv-
ing the scope of the experiments. For example, as explained in their
report on 15 October, the group hoped to make the rate of collection
on plutonium “essentially ten times as fast,” first, by preparing “a thin
foil of approximately 40 ug (as opposed to the 20-ug foils previously
used) and, second, by adding 100 ug of material from the recent Berke-
ley irradiation.” With these improvements, they “hoped that the actual
spontaneous fission value [could] be obtained in the course of two or
three months.”3%

The 20-pg samples of Berkeley plutonium remained in the ionization
chambers, slowly registering counts. By 31 January 1944, these samples
had registered six fission events in 80,000 pug hr of observation during
August through December 1943, roughly six counts in five months.3®
The five chambers in operation over this five-month period were running
approximately twenty-two hours a day throughout the week.*” To shield
the chambers used in both the plutonium and uranium studies from
cosmic-ray neutrons, they added a boron compound to the ionization
chambers.?® The shielded samples produced only one count for 40,000
pg observation hours, or three counts in five months — an extremely low
data collection rate, with correspondingly poor statistics.?®

Tests on Pile-Produced Plutonium

All the work done between April 1943 and April 1944 was in preparation
for testing pile-produced plutonium, which was not yet available at Los
Alamos for spontaneous fission studies. In the fall of 1943, Los Alamos
expected to receive 50 g of pile-produced plutonium from X-site — Clin-
ton, at Oak Ridge — around 1 April 1944, to be followed at least three
months later by “main production” samples from Hanford.

In the intervening winter, while the group was awaiting the pile-
produced material, Fermi suggested a decisive experiment for measuring
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the spontaneous fission rate of such plutonium. Recognizing the need to
amplify the effect from the spontaneously fissioning component, Fermi
argued that if pile-produced plutonium showed more spontaneous fis-
sion than cyclotron-produced plutonium, owing to irradiation by the
neutron bath in the pile, then samples sent through the pile again
would show proportionately more spontaneous fission. If ?*°Pu were
produced through radiative neutron capture in the pile, its contribu-
tion to the spontaneous fission of a sample of pile-produced 2**Pu would
be proportional to the square of the total “irradiation” in the pile. In
a re-irradiated sample, this contribution would be proportional to the
fourth power of the total irradiation.?® The sample would have to be
of a sufficient size before the quadratic pile-exposure term could be de-
tected. Fermi proposed that the test be made on approximately 50 mg
of Clinton-produced plutonium.

Accordingly, on 25 January 1944 Samuel Allison asked Compton to
arrange to retain and re-irradiate at Clinton 50 mg of the first 1-g ship-
ment of plutonium going to Los Alamos. “This will enable us to study
the new atomic species produced by such an irradiation which will, of
course, take place in our Hanford piles. In particular, we may be able
to detect 94-240. Fermi tells me that Oppenheimer agrees that the ex-
periment is worthy of being carried out.”*!

The first sign that plutonium might not work in a gun assembly was
seen in data taken early in March on cyclotron-produced plutonium. By
this time, only four counts had been recorded from the boron-shielded
Berkeley samples, a number that translated into a spontaneous fission
rate of 40 fissions/g hr. This rate would have been just tolerable in
the plutonium gun, but a rate several times that was dangerous. What
concerned the scientists was that the uncertainty of the data was so high
that, as Oppenheimer wrote to Kennedy and Captain Parsons, “a fission
rate twice that indicated is certainly compatible with the data.”*? As
it turned out, every subsequent measurement confirmed the borderline
safe result of 40 fissions/g hr and also improved the statistics. Of the
eight counts registered by 12 April, the group estimated that at least
seven were real. At this point, the error, although down from the 50
percent level of 6 March, was still a huge +30 percent.

Great care had to be taken to avoid accidental counts from any source
whatever. They worried most about “a pileups” and a secondary effect
from a particles emitted by the plutonium leading to the production
of neutrons by (a,n) reactions, which in turn caused what appeared to
be spontaneous fissions, while actually being neutron-induced. To check
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whether these effects were taking place, Segre proposed using samples of
two or more different sizes and determining whether they gave the same
answer. Larger samples would give larger amounts of a particles and
thus more likelihood of « pileup or (a,n) reactions leading to neutron-
induced fission. When the check was made, it showed virtually identical
results for the different samples, confirming the lack of an effect from o
pileups or secondary neutrons. Other more obvious sources of error, from
which the experimenters were careful to protect their delicate apparatus,
included lightning, automobiles, and people.*3
The reality of the spontaneous fission problem hit within days after

the group received its first eight samples of production plutonium. The
first sample was placed in the detection chamberson 5 April. Seven more
were added on 12 April. By 15 April, startling, if tentative, results were
out: during the first three days of observing, the pile-produced product
was showing five times as much spontaneous fission as the plutonium
from Berkeley!** Aware that this unwelcome result was based on only
eight counts, Segré very cautiously reported on 15 April:

Reliable data with the modified apparatus is not yet available

because the samples have not been accurately calibrated, and the

working conditions of all the amplifiers have not been checked. It

will also be necessary to investigate by using 49 samples of different

sizes whether there is any secondary effect like the production of

neutrons by the as of 49 which makes the apparent spontaneous

fission rate dependent upon the amount of 49 used. With all these

reservations, which may produce a drastic change in the result, we

give a tentative result of 200 f/g hour.*’
The group chose not to circulate this worrisome result widely, claiming
experimental uncertainties and poor statistics. They could not yet iden-
tify 24°Pu, because the samples were still too small to allow them to
observe the quadratic irradiation term.*® Despite their efforts to keep
the results quiet, news of the spontaneous fission in plutonium soon trav-
eled through the laboratory, troubling certain staff members. Wiegand
and Farwell recall that Edwin McMillan, in charge of the threatened gun
program, drove to Pajarito Canyon to, as Farwell recalls, “see this thing
first hand. And when he saw the traces ... he believed it. Wiegand
recalls McMillan being impressed by “even the very first count.”*?

Given the small number of counts and great experimental uncertainty,

why were both McMillan and the Segré group already alarmed? The rea-
son lay in the experimental methodology: the recording technique was
so designed that each count could be trusted to a high degree of prob-
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ability to represent a real fission. Their Esterline-Angus chart recorder
was an accurate clock that registered the precise time of each recorded
pulse. A specific time correlation in the counts would have suggested
an external time-related factor, but they found the fission pulses oc-
curring randomly. To determine whether any individual pulse was full
height, and therefore corresponded to a fission fragment, they calibrated
the chambers using 2**U and used radium-beryllium sources to gener-
ate neutron-induced fissions. And to check whether “a particle pileup”
was occurring, they did another calibration experiment in which they
introduced increasing amounts of plutonium into the chambers and de-
termined how many « particles could be added before such as produced
a false fission. Knowing this number, they could adjust their detection
system so that at least a month would elapse before «a pileups could
simulate a fission.*®

Many more counts from the Clinton plutonium were registered in the
following weeks. By 5 May, the group had seen 66 counts, and by 9
May, 40 more, giving a total of 106 counts registered in 0.406 g hr of
observation between 15 April and 9 May. These data therefore indi-
cated a spontaneous fission rate for Clinton plutonium of 106/.406 =
261 fissions per g hr, compared with 40-50 per g hr from the Berkeley
plutonium (with rather poor statistics on both).*® Counting continued
until 24 July, by which time the boron-shielded early production plu-
tonium yielded 131 counts, which corresponded to 180 f/g hr +16, as
opposed to 50 f/g hr for the cyclotron-produced plutonium.’® It was
becoming clearer each day that production plutonium contains a strong
spontaneous fissioning component.

Bacher Brings the News of Spontaneous Fission to Chicago

At first the Chicago Met Lab was reluctant to accept the results. An
experience of P-Division leader Bacher (to whom Segre reported) in early
June 1944 offers an illustration. As the Los Alamos liaison since late
1943, Bacher had been a regular visitor to the Chicago Metallurgical
Laboratory, which was then spearheading the plutonium purification
program. For his visit between 31 May and 8 June 1944, Bacher told
Met Lab Director Arthur Compton that he wished to report on the Segre
group’s recent results. Bacher assumed that the Met Lab had heard
about the findings, for Los Alamos had reported them earlier to Groves,
“with the request that he pass them on to the Chicago group,” whose
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work they obviously affected. However, Bacher recalls that Compton,
obviously hearing the news for the first time, “went just as white as that
sheet of paper.” After remarking, “This will just cause great troubles in
our laboratory,” Compton added, “I’m not sure that should be reported
here [Chicago]. I’m sure Groves would be very much upset.”?

Bacher felt strongly that his report fell “within the limits of what
he [Groves] told me I should report down here,” and he told Compton
that he intended “to report it unless told not to.” So Bacher telephoned
Groves, who, even at this late date, asked “Do you think that needs to be
reported to them?” Bacher replied, “Of course .... It’s a fundamental
fact of the material they’re working on.” Only then did Groves realize
that holding back the results could actually impede the work of the
Manhattan Project. Groves authorized Bacher to deliver his report but
asked him to limit the audience to only some half dozen. Bacher followed
this authorization, but reflected recently: “I’m sure it didn’t take more
than a half an hour to get all over the laboratory .... This just meant
trouble ahead.”*?

Given the vast importance of the spontaneous fission results to the
Chicago effort, why had Fermi, then still on the Chicago staff, failed
to notify his colleagues that their painstaking purification efforts were
likely in vain? Segré proposed in a recent interview that Fermi was
simply “a very tight-lipped person,” or that the results were possibly
not then prominent in his mind.’® But it is hard to believe that in
the context of wartime pressure Fermi could have been indifferent to
whether his colleagues were wasting time. Reflecting further on Fermi’s
role in the discovery of 24°Pu, Segré suggested that Fermi, like Groves,
might consciously or unconsciously have been wishing the results would
go away, so that in the hurried atmosphere of the time, he forgot about
the problem.%*

Confirmation and Impact of Plutonium 240

Oppenheimer presented the evidence for spontaneous fission to the lab-
oratory in a colloquium on 4 July 1944 (clearly not a lab holiday that
year). Captain Ralph Carlisle Smith wrote in his colloquium notes that
day, “Plutonium 240 and its spontaneous fission ... might limit the use
of plutonium in the gun method because of high neutron background
resulting therefrom.”®> Conant, who was at Los Alamos between 2 and
6 July, wrote in his work sheets of 4 July 1944: “There is a very real
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possibility that it may prove impossible to use the gun method with ‘49’
because of spontaneous neutron emission. This will be clear in about
a month. The material from pile appears to differ from material from
cyclotron.”®¢

Attention turned to implosion. In his 4 July report, Conant remarked:
“There is little doubt that an implosion method can be made to work for
both ‘25’ and ‘49’. The question is how efficient can such bombs be made
to be and how fast can a moderately efficient bomb be developed ....
Eventually it may be possible to design an implosion bomb with such
speeds of assembly and such high compressions that very great efficien-
cies result (much greater than with the gun assembly). But at present
one must be content with lower compressions and low efficiencies.”>?
Yet implosion was the laboratory’s only real hope for using the expen-
sive production effort at Hanford.

Meanwhile, in the first weeks of July, Segré’s group carried out Fermi’s
test on re-irradiated plutonium.*® Preliminary data from a 25-mg sam-
ple, introduced into the ionization chambers on 9 July 1944, were avail-
able by 11 July 1944.%° Oppenheimer teletyped Conant: “The Pajarito
Counting Rate of the re-irradiated sample is increased by an amount
corresponding to its increased radiation period .... No conclusive proof
exists that the substance giving these counts is four ten [**Pu], but the
a priori probability is very high and the chemical operations performed
on the material obviously did not separate it from four nine.”%® The re-
sults from more re-irradiated samples, added to the counting apparatus
on 11, 12, and 13 July, confirmed the earlier evidence. Farwell recalls
that every one of the re-irradiated samples “started off like a string of
firecrackers.”®!

In the heat of the crisis, gun researchers considered other shooting
possibilities, for example, faster guns. But these ideas were soon given
up as impractical (Chapter 13). Similarly, the chemists and physi-
cists pondered the problem of separating out the 24°Pu, possibly using
Lawrence’s electromagnetic method. They concluded, as Oppenheimer
explained to Groves on 14 July 1944, “My opinion is that this is not a
job which can be developed within any reasonable time scale but that
it should be referred to [Lawrence] for more expert consideration.”®?
The separation idea was considered in detail on 17 July, at a meeting in
Chicago that included Conant, Oppenheimer, Charles Thomas, Comp-
ton, Groves, Colonel Nichols, and Fermi. All agreed that to separate
out the 2*°Pu, although possible by electromagnetic methods, “would
postpone the weapon indefinitely.”®® John Manley later reflected, “One
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could have separated out those bad plutonium isotopes from the good
ones, but that would have meant duplicating everything that had been
done for uranium isotope separation — all those big plants — and there
was just no time to do that.”%* Manley summed up, “The choice was
to junk the whole discovery of the chain reaction that produced pluto-
nium, and all of the investment in time and effort of the Hanford plant,
unless somebody could come up with a way of assembling the plutonium
material into a weapon that would explode.”%®
At the Chicago meeting, Conant stressed authorizing Los Alamos to
build a low-efficiency implosion bomb of only a few hundred tons of TNT
based on a mixture of both plutonium and uranium. Such a weapon
would be easier and quicker to build than a more efficient one and would
also have less neutron background than a pure plutonium bomb. Co-
nant felt that after building and testing the low-efficiency device, the
laboratory could then turn “with less nervousness” to building a more
efficient gadget.®® However, Oppenheimer opted for the plutonium im-
plosion device.
The report Oppenheimer sent Groves on 18 July 1944 explained the

laboratory’s dilemma:

Samples have been investigated whose neutron radiation has var-

ied over a range of 50. The fission rate of the sample appears to

be proportional to the number of neutrons which have previously

passed over the material. This strongly suggests that there is an

ingredient in the samples formed by the neutrons, and responsible

for the fission .... It is known that when thermal neutrons pass

through plutonium about 1 in 3 of the neutrons captured leads to

the formation of the isotope 94-240, which has as the code name

410 .... There is an overwhelming presumption at the present time

that it is for practical purposes stable. It is natural to ascribe the

spontaneous fission observed in irradiated samples of plutonium

to the presence of this isotope .... We have investigated briefly

the possibility of an electromagnetic separation . ... It is our opin-

ion that this method is in principle a possible one but that the

necessary developments involved are in no way compatible with

present ideas of schedule.7

He therefore proposed that Los Alamos focus on developing an implo-
sion bomb: “In the light of the above facts, it appears reasonable to
discontinue the intensive effort to achieve higher purity for plutonium
and to concentrate attention on methods of assembly which do not re-
quire a low neutron background for their success. At the present time
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the method to which an over-riding priority must be assigned is the
method of implosion.” But he advocated caution:

Since the results outlined above are new and since there is a pos-
sibility that the interpretation placed on them may not be com-
pletely correct, it was agreed in our discussion that although the
discontinuance of the purification and neutron-less assembly pro-
gram should be started immediately, it should be so conducted
that at any time within the next month a return to these pro-
grams can be made without loss of more than a month’s time. In
particular, no essential personnel or installations should be per-
manently lost to the project within that period.®?

Two days later, Oppenheimer announced to the Administrative Board
that, “Essentially all work on the 49 gun program and the extreme
purification of 49 should be stopped immediately.” He added: “All
possible priority should be given to the implosion program. At the same
time, nothing essential to the twenty-five-gun program should be left
undone.”®®

The next day, Thomas, coordinator of the Manhattan Project’s purifi-
cation effort, supported Oppenheimer’s recommendation in a poignant
statement to Groves:

At Hanford levels, the neutron emission from this isotope would
be several hundred times that resulting from the chemical impuri-
ties even when the specifications for chemical purity of 49 are met.
It therefore seems unnecessary for the military objective to con-
tinue the program on final purification. This information comes
at a time when we have progressed to a point where we feel confi-
dent that the chemical purification of 49 can be accomplished. As
a matter of fact, Y has produced small batches of metal almost
entirely free of many of the objectionable impurities. Following
the decisions reached in the above meeting, I am proceeding with
the demobilization of my staff which was handling the coordina-
tion and general direction of the chemistry, purification and final
metallurgy of 49.7°

Conant scribbled across Thomas’s earlier 13 June optimistic report on
light element purification of plutonium, “All to no avail, alas!””? Mean-
while, as the plans for redirecting the plutonium effort were being cast,
definitive results from Fermi’s test on the re-irradiated plutonium ar-
rived. The first run, which began on 6 July, produced 154 counts by
24 July, in a period dramatically short compared with those in which
counts had been recorded for Berkeley plutonium, or even for Clinton
plutonium that was not re-irradiated.”? Farwell recalls, “We began to
see 3, 4, 5, or even 10 or more counts in a single day on a single counter,
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and that was like lightning,” compared to the earlier rates of one a
month for Berkeley plutonium, or 1 to 4 counts a day for production
plutonium. The 154 counts converted to 1,580 + 120 {/g hr, in compar-
ison with 50 f/g hr for Berkeley material and 180 f/g hr for production
plutonium. The results were now indisputable.”® At the colloquium on
25 July 1944, R. C. Smith made this note: “Colloquium. Oppenheimer
presided, told of abandonment of gun method for 49. No need of purity
for implosion.”"*

Although Segré’s group was virtually certain that 2*°Pu explained
their results, they carefully looked into all other possibilities, in partic-
ular the presence in the 2*?Pu of elements 92, 93.7° The chemists soon
ruled out the existence of other elements, either, as Kennedy suggested,
by using X-ray analysis or, as Wahl suggested, by studying samples
having various isotopes removed. Between July and September 1944,
Farwell analyzed samples with various “Wahl fractions,” for example,
one from which Wahl had chemically removed elements 92 and 93. The
subtractions made no difference in the counting.”® While 23®Pu could
conceivably still be making a small contribution, its presence could not
explain the bulk of the data.”” The only remaining explanation of the
observed spontaneous fission was the new isotope 24°Pu.

The group began a quantitative analysis of the fraction of 2*°Pu in the
pile-produced 23°Pu samples. In reactor-produced plutonium, they ex-
pected the fraction of 24°Pu in 239Pu to be a constant times the fr