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This report/daszrives (a) theory, unﬁinj and parformave of a CDS’TFA
laser witﬁézuv preionizatiun deliveringitypiraliy ?3J pulses of dur-
atica 0,103 and bear cross sectioa po¢es; Tu) the production of clouds
in the laboratory by agiabatic expansicn of caompressad gas in a 300 1
glass rhamber and the seasurerent of the cloud paraneters (1iquid
water content, drop rauius); (u) measure: ents of attenuatiun by such
clouds of TEA laser pulses of the abr.ue type and also measurerent of
partial cluud clearing by a ON 10.5”@ beauwn (by recording the change in
attenuation of a rcollinear He=le beg): and (d) the theory required to
understand the interaction betweey 10,40 radiation and clouds of

droplets. \\
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Infrared imaging systems and ranging devires are often linited by the
transmission of the atmosphere at the wavelength used., Tha atmosphere
is particularly clear at 10.Qym, the wavelength of CO» lasers which
offer versatility, efficien~y and high power. This report is concerred
with the attenuation of 10.6um radiations, both high power pulsua and
W, by fogs and clouds of water croplets.

Any mechanism which produca@s absorption has the furthsr consequence

of causing thermal bloowing (i.e. a negative lens offect) and beam def-
lection in the atmosphere. These effects have received nuch attention
in the literature (see appendix X1) since they effectively determine
the nower concentrations that can be achieved by laser beams at long
range. Absorption of 10.6um radiation by mists, fogs or clouds clearly
must contribute to thermal blooming.

Part A of this report describes the theory, design and performance of

a 0., TEA laser with VUV preionization, delivering typically 25J, 0.%s
pulses of 10.6um radiation over a beam cross section of about 20cm2
Jesign of a conventional CW CO» laser is also reported.

Part B describes the production of laboratory fogs by adiabatic exp~
ansion of compressed gas in a 300 litre glass chamber (diameter 0.5m,
length 1.5m). Falls in temperature of order 10K are produced by sudden
venting to the atmosphere and the quantity of liguid water condensed

is determined from the measurec temperature fall and the expansion
ratio. The guality of the fog, i.e. the drop size, is deterwined by
the concentration of effective condensation nuclei; both snoke and ions
have been used. Typically, fogs contain about 4g m~3 of liquid water
which gives an ontical depth to 10.6pm of order 1.5m,

Part C descrives results obtainad tu date. The attenuation of TEA laser
pulses of energy density ~1J cm~2 over 20cm? beam cruss section has

been measured at various times during evolution of a clouwd wrase 0.63pum
attenuation coefficient is automaticaelly charted. Attenuations at
10.6um (in dB m—1) are cver ten times less than at 0.G3um for our

clouds whose mean drop radius is ~1.85um. Attenuations at 10.6um are
close to what is expected for absorption by the equivalent layer of
liquid water — 0.4d8 n~1 per g m3 of licuid water. For larger drops
scrattering will no longer be insignificant. The change i~ transmittance
of a 0.63um beam due to drop evaporation by a collinear Cw C0O2 beam has
also been measured, with results similar to those repocted by Mullaney
et al.

In Part D the theoretical basis for interpreting scattering and atten-
uvation by drops is outlined and the literature briefly surveyed, incl-
uding cloud clearing measurasments,
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PART A: CO> LASER DEVELOPMENT

Section Al. High Power COp TEA Leser (see also reference A1
and appendix X3)

(1) Mechanical design features

Figures A1 and A2 show the mein constructional details for the TEA
laser. Bruce-profiled solid sluminium slectrodes with base dimen-
siona of SOcm x 15cm, and with separation Gcm, are positionsd insioce

a rectangular box made from 3° perspex (dimensions 105cwm x35cm x 25cw).
The upper electrode is supported from a lid {not shown) which covers

a cut-awey ssction of the top face of the psrspex box, baing screwed
down on top of a rubber-gasket gas ssal. The 1id provides sasy access
without miaalignment of reflectors.

Tha reflectors form an integral pert of the discharge chamber, obvi-
ating the need for Brewster angle NaCl windows with their problem of
deliquascence. The mounting is sxtremely sisple, consisting nolely

of a thick rubbaer gasket which acts both as a gas seal and as a

spring reaction far the three adjusting screws (figure A2). It was
feared, originally, that the shock wave from sither the arc or the
main discharge might misalign the reflectors, but this proved not to
be so. Of course such misalignment would only affect the succeeding
pulse, the original having passed before the shock hits the reflactors.

Three separate cyiinders of He, CO2 and N2 with standard rsgulators
to control the gas feed pressure feed gas through thres flowmaters,
gach fitted with an adjustable needle valve (He at C.5-9 1 min~1,

COz at 0.4-4.6 1 min=1, N2 at 0.5-5 1 min=1) into a mixing chamber
and thence into the main discharge chamber. A supply of He is taken
through a fourth flowmeter into a duct behind the multiple-pin slect-
rodes of the arc preionization systam, since it has been reported that
running arcs in pure He is beneficial (A2). The nitrogan cylinder
also supplies two pressurised trigger spark chambers through two con-
{rolled-leak pressure regulators. Spark gaps were sat to about 1.5cm,
and operational pressures were 12 - 18 psi above tmospheric.

Provision was made for bubbling the gas mixture throuch liquids such
as triethylamine and acetone, thus introducing these vapours as trace
additives. ODespite reports (A2) that this was beneficial wa have obs-
erved no significant improvement under our cperating conditions.

(11) Optics

The reflectors in most use are (a) an uncoated Ge flat of 7.Scm diam-
ater and 6mm thickness, having reflectivity 36k per face (total 72%);
and (b) & Au-coated Cu-Zr concave mirror of diamster 7.5cm and redius
of curvature 3m, having reflsctivity 95%. Each face of the Ge flat
reflects 36% of the inciden radiation since the refractive index n
of Ge is 4 at 10.Gum and R = {n=1)2/(n+1)2, With two sides the total
reflectivity is 72%. Multiple reflections bstween the two faces
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{giving & Fabry-Perot effect) are attenusted fairly repidly, since
Ge absovbe 0.7 to 1.08 sw™', but we nave clesr svidence from the wde
pattern (see below) that they Oid occcur.

Aligneent was accosplished by first passing a He-Ne lssar bsam cent-
relly dnwn the cavity without eny reflectore; two centrally-drilled
perspex disce, whi 'h siotted onto the sirro: edjustment screws, ner.sd
to locate the cent al position. The perspex disc furthest from the
He-Ne laser was replsced by the C.~2r concave mirror which was aligned
to return the beam along the same path; the same procedure was followed
for the output mirror, the remaining nerspex alignment disc being iep-
laced by the Ge flat which, as before, was aligned to .sturm the beam
:o0llinearly from its outer facs.

Exact mirror alignment was found to be non-criticsl. Ouring operetion,
deliberate misalignment of the mirrors by as much as 1U milliredians
out of parallel produced no sutstantial change in output. As the Ge
output mirror has an inherent wadge of about 0.27mr which renders
complicated ,alignment accuracy of better than this limit, the insensit-
ivity of the performanca to this paramster is something of an adventage.

The laser has in addition been operated with an unstable resomator in
view of the advantages reported by D;ar et al {A3) for auch a system -
single transverse mode operation and beam divergence of only 0.2 mr.
Conversion to this type of optics was 3imple. We replaced the Au-coated
Cu~Zr reflector with une of radius of curvature 10m and we attached
(using double-sided sticky tape) a 3.75cm diameter convex Au-coated
reflector of radius of curvature 7.5m onto the 7.5cm Ge flat. When
apaced by 1.25m this arrangement was confocal, the common focus lying
3.75m beyond the convex mirror. The beam is then expanded by a fa.tor
of 4/3 per pass. The radiation escapes from the annulus around tte
smaller mirror, but the far-field beam pattern, of course, is not annular
(Ad). This system would have operated better if the Ge flat had been
anti-reflection coate?. As it was, not only was the pulse expanded in
area during growtit (thus reducing the growth of power density) but just
the reverse occurred for the portion of the signal reflected by the Ge
etalon and the exceptionally strong power density then tended to damage
the mirrors.

(I1I) Preionizing system

The gas batween the main elsctrodes is preionized by vacuum ultraviolet
radiation generated by two lines of arcs on either side of the main gap,
separated by 28cm. The arcs strike bstween tungsten or copper pins
which are glised into the 1avine between two capillary glass tubes with
carthed central conducting rods. 34 arcs with gaps of 3-4 mm were run
in serius on each side. The striking voltage was about 20kV, but usua-
lly a 0.5F rapid discharge capacitor chargerd to 50kV suppliec the arc
current. From the ringing period of 6us (measured by means of a pickup
coil) one estipates 4. for the circuit inductance, and the maximum
current V(C/L)2 than works cut at J000A.
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About G00. was discharged through snme 80 arcs which ia ~10J per erc.
Exactly how the rediation from such arcs preionizes the gas is not yet
fully understood. The effective rediatiocn way have wavelength as snort
a8 1 nm {n which case the tempereture of the arc is thes vital peresste,
(8es refurence A1),

Other syatems hava also besn tested. For exasple, the systes used by
Pearson and Lanburton (AS) was improved by putting the tungsten wire
trigger slectrode in the cavine between polarisect glass capillary tubes
us described above (see figure A3).

(Iv) Circuitry

Fur a gap of Ccm it is necessary to apply scrass the main slectrodes

a voltage pulse of 100kV. In arder to avoid breakdown end short
circuiting %o the arc lines which were only 7cm awsy from the edge of
the main slectrodes, we were forved to apply +50kV to one slectrode

and -50kV to the other. The circuit used is shown in figure M,

Spark gap Sg is fired by a conventiunal trigatron system; a car spark
plug screws! into a disc electrode with a amall centrel hole provides
a convenient trigger slectrode, and can be fired by the voltage pulse
from a car induction coil. Firing 85 applies ~S50kV across the arc
lines, and the preionizaction of the gas is sufficient to carry the
-50kV pulse onto the main dischaige circuit (reavily outlined in figure
Ad). A voltage pulse of 100kV appsers across S, causing 52 to bresk
down. The W from Sy triggers S4, which is in ths same pressurised '
spark chamber. When both 5 and S4 break down, voltage pulses of +50kV
and -S0kV appear respectively on the main anode and cathode. The two
0.1 low inductance capacitors then discharge.

il kol

TR TR T

' All circuitry, incluwding the three repid discharge capacitors was enc-
: ' laosed in an oil bath of dimensions S0cm x S0cm x 4Scm constructed from
1" perspex. Care was taken to minimise the lengths of both arc and
main discharge circuits, and 1" wide copper atrip was used to minimise
inductance.

okt ol stminr sl ikl iy a....ﬂL

Originally it was planned to trigger S independently of S,, a trigatron
being built in for this purpose. The pulse which fires the Sy trigatron
is obtained from the arc discharge, with suitable delay; we used a
pickup coil to trigger a thyratron which fed the primary of a car ind-
uction coil. This mode of operation is alsc effective,

conntmbad b el diia

(v) Performance

The brightness of the preionizing arcs makes it extremely difficult .
to monitor visually the uniformity of the main discharge, but with ;
some practice one could tell, at least, if an arc had occurred. Sev-
eral minutas of flushing with tiwe laser gas mix was necessary befo.e
successful operation.

A photon drag detector with voltage responsivity 0. 18aV kl-’ and sens-
= itive area 4mm x 4mmn gave oscillographs of the typs shown in figure AS,
Figure ASa shows the output of the photon drsg detector at a distance
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of 0.24m fro= the Ge window; the pulse appears superimposed on pickun.
Figure ASD shows the output from the detector at 3m from the output
eindow the picvup Now havin - been elimjinated, In each case the det-
ector is plugyed directly ir o the oscilloscope amplif‘ar. leads being
avoided to reduce pli:kup.

The full-width relf-intensit points of the pulse have a separation

of about 0.lus in all trace:. A small asplitude peak of width 1.0us
was noted following the wair O.1us peak, and is probably =:z.sad by the
delaysd rusonsence trenafer “ energy from No mclecules. In figure ASa
thm pulse height of 0.3V imnlies power of 1.7W incident on the det-
wctar area af 4em x 4em, ang sAnPe the beam area was known from indep-
endtent mpasuremente to be 7Ocw” closs to the laser aone infers an output
power uf 210MN. Since the pulse duration is 0.'us tha energy is 21J.
This outo st was achieved by discharging 276J uf electrical energy
through 1.8 1 of gas mix - the actual mix in this case being 5:2.6:2
of He:COp:Np. Thus the efficiency was 7.6% and the energy dischargid
per unit volume was 153 J 17,

The laser has also been operated with .25 (instead of 0.12:f) capa-
nitors without any limitation from arcing. We have not dete:minmad the
maximum eanergy which can be discharged {hrough unit volume of gas

out probably it is in excess of 300 J 17

Tre area of the output beer car. be determired by lateral displacement
of the photon drag detsctor. Howaver the simplest procedure was to
intarpose an axposed polaroid positive near the output wincow. A
record of zhe beam pattern is burnt onto the film as shown in figure
AE. The interference patterm visible on this record {and indeed all
records) must be attributed to a slight wedge in the Ge output window,
since the pattern rotates if the window is rotated. The frirges are
sgaced by D.6Rc= an that Malf a wawelangth change in thicknoss of the
etalon per 0.65cm gives a wedge of 0.27 mr. B8y comparison of such
prints taken close to the Ge ouiput window ana at S)0cm range a beam
divergence of 9mr was estimated. This is confirmed by the imprint
produced at the focus of a mirror of focal length 1,.5m (figure A7).
The 1.5cm size of this imprint implies a beam divergence of 10mr,

In general usir-breakdown provides a ready monitor of the output from
the laser. ODouwble air-breakdown could be achieved at 10cm and 24cm

in front of a concave mirror which intercepts the besam (figure A8).

A power of 25CM (25J in 0.1us) will focus down to 107 < cm® using a
10cm focal length mirror since the beam divergence iz 10mr. This prov-
ides power density of 2.5 x 10 10 y cm~<, well above the threshold for
breakdown, which is 10° w cm~2 (A5).
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Section A2, CW COo> Laser

(I) Mechanical design features (see figure A9)

A discharge at gas pressure 14 - 16 torr is run inside a silica tube

of length 1m and diameter 1cm, Tv., short cupper T-sections serve both
as gas inlet/outlet and as electrodes. The join between the silica tuoe
and a copper T-section is made simply by inserting each hslfway into a
rubber bung: the system is supported by wedging the bung into a 1&" i.d.
perspex tube which is fixed to the base, and which also serves as a
water conling jacket. At the outside ends, mach copper T-section is
joined by a rubber bung to metal bellows, supported with respect to the
base by an insulating perspex mount. The reflector mount plates are
attached to the bellows, being pulled by springs onto three adjustment
screws Tixed to a heavy aluminium support structure which ia kine-
matically mounted on runners for length adjustment. The plates with
the runners are insulated from the aluminium base by 3" perspex, since
une end (including bellows and reflector) floats at ~12kV with respect
to earth, A perspex housing shields the operator from this potential.
Water cooling is provided for the Ge reflector.

(I1) Gas supply

A cylindey of premixed gas (9:1:2 Ha:CDg:Nz) with standerd pressure
regulator provides a flow of gas via a fine control needle valve and a
flowmeter to the discharge tube. A pressure of 14 - 16 torr is main-
tained inside the dischacrge tube by an ordinary rotary vacuum pump, an
offshoot leading to a pressure gauge betweer t.o isclating valves.

The laser was operated with a qas flow of 250 discharge volume changes
per minute - that is 24 1 min™' ¢ t operating pressure or 0.8 1 min=' at
STP., The pump has a maximum displacement of 85 1 min=1.

(111) Optics

The optical cavity has a length of 1.47m. The reflectors are (a) a

Ge flat of diameter 3,75cm, antireflection coated on the cutside and
85% reflection coated on th: inside; (b) a Au-costed Cu-Nl concave ref--
lectur of radius of curvature 29m and reflactivity 98.6%.

ODue to a wedge of 2.8mr on the Ge flat it was necessary to adopt a
slightly more complex alignment procedure than was reguired for the TEA
laser. Our reference He~-Ne beam first was directed through the open
end of the laser tube onto the inside surface of the Ge flat at the far
end. The orientation of the Flat was adjusted so as to return the beam
alung the same path. On th. reverse side of the metal mirror a second-
ary flat mirror was mountea on spring-loaded ad justment screws; using
two He-Ne beams the axis of the primary mirror was adjusted to pe nornal
to +ha planc of the secondary mirror. Then by reflecting the reference
beam along the same path from the outside secondary mirror one ensures
that the inside cavity mirror is approximately aligned. Final adjust-
ment for optimum output is carried out with the laser running.
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(Iv) Circuitry

A 25kV, 100mA DC power supply with one side earthed and positive pol-
arity feads the dischargs through a 200kl ballast resistor (figure A10).
The metal mirror was at the anode side because water conling to the Ge
reflector meant that it could not be raised to high potential.

Under nocrmal and correct uperating conditions the voltage across the
tubs is 12kV and the current drawn is 20mA. Thus 240W is dissipated
in the discharge, which implies ~50W output at 20% efficiency.

(v) Performance

For reasons that ars nct yet clear (but will be investigated when time
permits) the CW laser gives only about SW outpu*. Some SOW can bs
achieved from a discharge of length im and diameter 1cm. The intensity
of the beam has 5% modulation a* 100Hz (figure C8c). The beam diameter
as measured with an Optical Engineering thermal image plate (phosphor-
escence quenching) is about 3mm. The beam divergence is about 1mr.
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Figure A2: Mounting for reflectors showing thick
rubber gasket which is toth a gas seal
and a spring load for the three ;
adjustment screws. .
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Figure A3:
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glass capillaries
tungsten wires

I

— { cathode )

|

]|
iy

The Lamberton-Pearson system of preionization by
a corona discharge from two fine tungsten wires

to the main anode is shown modified by positioning
the tungsten wires in the ravine between polarised
capillary glass tubes. The diagram (end view)
illustrates the electrical connections to the
tungsten wires and to the central conductors

in the glass tubes.
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Figure A4: Circuit for simultaneous application of +50kV to
the anode and -SOkV to the cathode., The low
inductance main discharge circuit is heavily lined.
Spark gaps S4 and Sy are in the same chamber of
pressurised nitrogen. The arc circuit is alsoc shown.
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7 Figure ADS
- Tracings of oscillographs of the output from a photon
5. drag defecter of voltage responsivity 0.18 mv/kW and

sengitive area 4 mm x 4 mm (a)24 om from the output
- Ge window of the CO, TEA laser and (b) 3 m from the
g output vindow. The“signal in (a) is superimposed op
3 electrioal pick-up. In (a) the beam area was 20 om _%
; implying peak pulse power of 210 MW and pulse energy 21J. %
]
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Figure AG: Imprint of TEA laser bheam on polaroid
film (actual size). Heam area = 20cm. Fringes
are caused Ly a 0.27mr wedge on the uncoatsd Ge
output window (reflectivity 36% per face).

Figure A7: Imprint of TEA laser beam at focus
of a mirror of focal length 1,5 m. The 1,5 cm
diameter of the imprint implies 10 mradian
beam divergence.
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Double air-breakdown at approximately 10 cu and 24 om
in front of mirror intercepting the beam., Note luminous
blow-off from Ge output window on right Jf lower photo.
Yhotos are time-exposures with light from arcs and
discharge shielded from the camera. ‘
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Figurea9:

Mechanical design features of simple diffusion cooled cw CC_, laser. Perspex
material shown by hatching. The diagram shows only one sidé, the other being
gimilar. A magnified section cf the reflector mountings is shown above.

- Scale: { sctual size.
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PART B: CLOUD) PRODUCTION

Section 11, Cloud Chambar Cunstruction

A cloud chamber of v~.iune 300 1 has beeri constructen from commercially
available modular glass pipeline. A singie unit, of diameter 0.5m and
length 1.5m, with ground end faces, is sealed by two galvanised steel
end flanges. Ihese are holted tu collars supported by tapers oun the
outside diameter of the glass pipeline (*igures B1 and B2). The cham-
ber can be pressurised up to 1.5 atm. Sudden venting to the atmosphaere
through a 1 inch solenoidal valve produces a tenperature drop uniformly
throughout the chamber. This results in supersaturations of over 600%
if required. Condensation then proceeds on whatever nuclei may he
present,

T TR I T TR < e 1 o ST T e T e 'WH
+ e R ’ Tt
)

How much water will be condensed out per unit volume o cloud is deter-
mined by the Fxpansion ratio, the initial temperature and the initial
relative huiidity, or equivalently the expansion ratic and the nbserved
: tenperature fall (see below). The cuncentration of condensation nuclei
E (which can be, at least crudely, controlled) determinas the number dens-—
E

:

=F.

ity of droplets. The size of the droplets is then fixed, and the cloud
will be monodisperse if all condensation nuclei are equally effactive.
Provision is made for feeding the input gas through a discharge in
order to introduce icns as candensat.on nuclet.

L The steel and flanges have central ports of diameter 7.5cm which are

?‘ sealed by spring-loaded caps when the chamber is being pressurised.

; (These were constructed from motorcycle tank filler caps). Once the
ctloud has formed. the ports are quickly opened, and an unobstructed pas-
sage is available through the homogeneous and well-defined cloud. For
attenuvation and cther measurements it is a great advantage to eliminate
completaly windows on which condensation can occur; the choice of wind-
ows at 10.6un wavelength is very restricted in any case. Thus, there

is considerable advantage in arranging that the final pressure after
adiabatic expansion, is atmospheric.

The gas picks uvp water vapour on its way into the chamber by being bub-
bled through & water tank, Alternatively one may wait for saturation
to cccur gue to liquid water present in the bottom of {he chamber,

Section B2. Measurement of Water Corcensed

Before condensation occurs the adiabatic expansion from pressure pq to
pressure po implies a tempmsrature fall fram T4 to Tp where

T2 pp (=N i
Ty Py
Y being the ratio of principal specific heat capacities (1.4 for air).
If the gas is supersaturated at the lower temwperature T2 condensation

will occur on whatever nuclel are 2ffective in initiating the process.
The latent heat liberated during condensation increases the tergerature

ol bk e & it
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of the gas to Té v wharp

PaCy (T, =T,) = L Ao (82)
Here p, is the mass density of air, ¢, is the specific heat capacity of
air at constant volume, L is the latent heat of vaporisation, and A4p
is the mass of water condensed per unit volume of air. These constants
have the valuss

5 = 1.293 x 1073 g cm™
¢, « 0.7 J g x~? (e3)
L 2.45 x 103 y g~!

Thus
Ao = 0.38(T,-T,) = o.3s8(a7,- av) (Ba)

where T,' -T, is in degrees Kelvin and Ap is in g =3, In ovder to det-
ermine Ap one calculates first T,—T, ([@AT,) from the initial excess
pressure Ap (figure B4 shows how AT, varies with Ap), and then one sub-
stitutes into equation (B4) the meesurec value of AT . Typically

Ap ~4 g m3 for our clouds (see figurs CS).

With the help of the curw of saturated wsater vapour density as a func-
tion of temperature p, (T) given in figure B3, we can then proceed to
infer the initial relative humidity. Ouring (ompression of the gas in
a time of two or three minutes heating of about 4K was observed (figure
86). However, it is morm appropriate to consider the relative hum-
idity with respect to the saturated water vapour content for room temp-
erature p(Trogom) minus that for the final tesperature p(T2). Typically

relative humidities range from S0% - 83%.

The initial exceas pressurs Ap is ul?asumd with an aneruvid pressure
gauge. The paremeters Troom, 71, T2 are measured with a coppsr—const-
antan thermocouple with the cold juncticn at ice temperature. Figure
B85 is tha calibration curve. Usually the cutput of the thermocouple
(~1mw) was fed into a Mewlett-Packard 7100B chart recorder with int-
egrnl amplifier. Figure B6 shows typical temperature vs. time curves
for expansion from different excess preasurea. Of course the temper-
ature fall is less the higher the relative humidity, but for approxim-
ately the same relative humjidity we have observed 7.4K, 11.2K and 13.5K
for Ape= 3 psi, 5 psi and 6 psi respectively (latm = 14,7 psi).

Section 83. Cloud Nucleation

Acgosols normally present in laboratory air in concentrations of order
10~ particles cm - may be used to nucleate a cloud. We have found,
however, that much denser clouds (visually) can be produced by ion nuc-
leation; cne feeds the ingoing gas through a discharge (typically 40mA,
2.5kV), and then expands from 6 psi above atmuspheric pressure. This
gives 586% supersaturation for 100% initial relative humidity and 410%
supersaturation for 70 % initial relative humidity.

wWith regard to ion concentrations one notes that the rate of production
of ions naturally {due to cosmic rays, radicactivity etc.) is of order

19
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10 cm™3 3'1 and the rate of rucombination of smasl ions is angen. where
» a= 1.6 x 1075 en? 3'1; hance ny = n_~ 2500 cm™ for equilibrium. How-
= ever the density of large ions in cities may be of order 30 000 cm—3,
If, in our discharge, we produce ng ion pairs cn™~, then after time t
we shall have n where

TTTIRT g e ey

: 1

y L T (e5)

. r ny
After say 3 minuteg (our filling time) one night expect to be left with
arly 3000 ions cm™ according to (BS), but the recombination rate for
large ions is slower and we may in fact approach 3 x 105 cm=3,

Cigarette smoke and magnesium oxide smoke have proved effective in nuc-
leating clouds. A simple way to introduce smoke is to jam the “mouth”
end of a lighted cigarette into a hole which is cut in the polythene gas
input tube. A crude venturi is thus formed which tends to draw the
smoke into the gas flow.

F Further wark on the control of droplet concentration by specifying the
E : concentration of condensation nuclei is required (81).
{

N T i G i

Section B4, Drop Sizes

Frequently clouds have exhibited a well-defined ceiling which descends
slowly under gravity. The velocity v of descent is given by 3Stokes's

law

de kb i St

*

vV = 2932(’/977 (86)

where a is the drop radius, dis the mass density of water, g is the
acceleration due to gravity and 7 is the viscosity of air ( n = 1.8

x 104 dyne cm—2 s). Thus a well-defined ceiling, uniformly descending,
suggests a monodisperse cloud. Figure B7 is a plat of v as a function
of a 0. log-log graph paper. Clearly a drop of radius 1.5pm will des-
cend with velocity 0.027 cm ™' and fence will require 1000s to caver
27cm (about the radius of the cloud chamber) - that is, a cloud life-

Ll o e

E time of al u. 10 minutes. For a= 3pm this lifetime will be only 4
¥ minutes.
? That clouds formed by adiabatic expansion should be monodisperse is to ;

be expected. Thus the radius of a drop grows in accordance with the
relation (B82)
a

P

a
= Dlpe-r,) (87) j
where D is the diffusion coefficient for water vapour in air ( D =
0.239 cm? s“) and p, .0, are water vapour densities for, respectively,
infinite distance from the drop and the surface of the drop. Since
: da/dt oc 1/8 there will pe a tendency toward a monodisperse distributicn
E even if the condensation nuclei are heterogeneous.

L R PRU

R . L

s el b i ek

Direzt confirmation that clouds prnduced by adiabatic expansion with
; ion nucleation are mcnodisperse has been obtained by Cole et al (83).
S Using a piston-driver expansion chamber in which the same gas can be

20
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N recycled they monitored ait} over the 100ms period of the expansion by
identifying the oscillations in the Mie efficiency factor K(a) , where
a=mak and k=2x/A with A the wavelength. As a, and hence a , varies,
K (a) undergoes oscillations (Figure B10) and the identification of a
peak immediately gives the drop radius at that time. Since K(a) 1is
a known function the measurement of light beam attenuation coefficient,
Kra2N , then gives the concentration of droplets. Unless these

, clouds were monodisperse the oscillations of K(a) could not be res-

4 olved. The observation of Tyndall spectra also indicated monodisperse

' clouds, Typically they found a = 1.05ym and N = 1.17 x 108 cn3,

‘ They concluded that tha half-width of the distribution was less than

2 20% of the most probable size.

% . Assuming, then, that our clouds are at least approximately monodisperse
a quick method of measuring the most probable drop radius for a cloud
whose water content Ap is known is to record the attenuation of a
0.63Pm beam from a He-Ne laser. For this beam the attenuation is due
primarily to scattering and the cofficient is proportional to a2
(rather than 83 as for attenuation cefficient at 10.6).|m). In fact,

we have

v(063) = Kra’N = 34/2d3 (88)

Where we have taken K= 2 (a reasonable assumption since k = 2x/\ ~ 10
and so a = ak=~15 for our clouds - 'see figure D2). Equation (B8)
should be compared with (D46), valid for a natural size distribution.
Writing v = 0.237" where y* ie the attenuation in dB8 m1 we can express
(88) in the form

3= 6.513x10 ‘Ap v* (89)
where & 1is in g m=3 and ais in pm, Typical va) ses obtained for a

for clouds whose Ap 1s inferred from measurement of Ap and AT are
recarded in .figure C5.

e A IS 2 e LA

A logaritimic amplifier (circuit shown in figure B? and calibration
graph in figure B8) gives 1V output for each 10dB change in input sig~-
nal, Thus the output from this amplifier is proportional to the atten-
uation coefficient v(0.63) rather than the transmittance I(o)/I(z).
This permits several decades of transmittance to be recorded without
change of scale. Typical chart recordings of 4(0.63) are given irn
figures C1a, C2a and C3a.

R bt I S, GBS

The measurement of drop size distributions is a protlem which has rec-
eived wide consideration. The chief methods available are surveyed in
appendix X2. For present purposes a real-time method which is instant-
anepus in operation has very great advantages.

RSP Y TN S O A

A possibility worthy of further investigation would be to gate the des- |
cent of the drops. Then the different sizes will be dispersed in height
at a particular time after opening the gate, and the drops moving thro-
ugh the 0.63um beam on the axis of the chamber will have a radius which
: decreases monotonically with time. Tha chert recoriing of v vs. time
ot should then reveal oscillations ‘ue to the oscillating variation of K(a)
- ' with a (arising from interference between radiation transmitted through
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the drop and radiation diffracted by the drop). Identification of the
peaks then yields a value for a ~ sssantially the method used by Cole
et al (83) except that we employ a logarithmic amplifier and a longer
time scale.

Section BS. Cloud Lifetims

- ey,

A cloud with € = 1.5um should descend distance 25cm in a time of order
16 min according to Stokes's law. Frequently such clouds were observed
to disappear in 3 - 4 minutes (cnntrast, for example, figures C1a or CZa
with C3a or C10a; the clouds in C3a and C10a were eventua:ly blown
away). Presumably evaporation was determining the lifetime of these
clouds. The final temperature, after adiabatic expansinn, was balow
room temperature and temperature charts show that recuvery to room tem-
perature occurs in a matter of minutes. Whether the clcud then dis-
appears will depend on whether the amount of water' vapoui' initially
present was above the saturation water vapour at room temperature - as
can be achieved by preheating of the gas,

It is significant that a cloud such as that recorded in figure C10a
should persist for as long as one hour probably because it was produced
immediately after a steam cloud which had preheated the gas.

29.
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Oscillations in scattering cross section Knaz produce
steps in I(2)/1(0) versus ¢ (= ak) curve. At second
inflection point ak = 9,3 and K = 2,5 . Hence a , and
from measured I(x)/I(0) = .xp(-):). where ) = KN ,
one infers N ,
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PART C: TRANSMITTANCE MEASUREMENTS

Section C1. Attenuation of TEA Laser 10.6um Pulses

The system shown in figure B1 has been used to produce clouds of length
1.5m with water content ~5 g a™3. Following expansion ports P1 and P>
(figure B1) are ~pened, and a TEA laser pulse (typically 250MW over
20cm® beam cross section) is propagated through the cloud. The pulse
is focused by a mirror onto a photon drag detector D1 which is connected
directly to the input of one chaunnel of a dovble beam oscilloscope. A
germanium flat, uncoated on one side and antireflection coated for
10,6pm radiation on the other side, diverts 36% of the beam into a path
around the chamber; &fter reflections at three mirrors this beam is
focused onto a second photon drag detector Do directly cormnected to

the second channel of the oscilloscope.

The Ge flat A4 served alsoc to deflect a 4e-Ne laser beam along tne path
of the 10.6um beam. The 0.63um beam wrs deflected out again by a sec-
ond Ge “lat Ry which was antireflectinn coated on both sides.

Typical results are shown in figures (4, C2 and C3. Figures C1a, C2a
and C3a are chart recordings of 0.(3um attenuation coefficient for various
clouds,showing the times at which the attenuations of TEA laser pulees
were measured (automatically recorded by interference pickup spike).
Figures Cib, C2b and C3b show the actusl pulses as recorded on pclaroid
film, Figures Cilc, C2c and C3c granph the attenuations at 10.6pm and
0.63um as a function of time over the lifetime of the cloud. Of course

a calibrating =xperiment with no cloud has to be performed in ordar to
establish the relative gains in the two channels, and figure C4 shuws

the degree of consistency obtained for three such "no-cloud" shots.

It can be concluded that attenuation coefficient at 10.6um is 10 to 15
times less than at 0.63um for the sort of clouds we produced. The

water content ég of these clouds was calculated from equation (B4) to
be about 5 g m™, The mean drop radius, as calculated from Ap and
0.63um attenuation according to equation (89) waz about 1.5um, Hence
the concentration of droqa was 3.56 x 105 cm‘é. The 0.63um attenuations
fell from about 20 dB m~' to about 10 dB m~' after times of about 2, 4
and 11 minutes for clouds 1, 2 and 3 respectively., The fall time for
drops of radius 1.5um is of order 13 - 15 minutes, so that these results
suggest that clouds 1 and 2 evaporated before they fell out, but not

cloud 3.

It can be concluded, also, that the attenuation by a cloud of water
droplets which are optically thin at 10.6um (i.e. 2a is less than 10pm)
of 10.6um radiation is approximately equal to that of the equivalent thin
layer of water. This is implied by the agreement between the theor-
etical value of +¥(10.6um) obtained from eguation (D29) and the obser-
ved value, It implies that scattering is insignificant compared to
absorption, which again confirms the small size of the drops (according
to figure D3 scattering has fallen to about 15% of absorption at 2pm
radius and is negligible at 1um).
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With regard to the large variation in the measured 10.6um attenuations
in figures C1c, C2c and C3c two remarks might be made. In the first
place, apparatus alignment was somewhat sensitive to vibration, and
some vibration was inevitable when ports were opened and the polaroid
film advanced. Secondly, in order to obtain firom the photon dreg det-
sctors a signal which stood out well above interfererce pickup from

the TEA laser arc and main dischargns, it was necessary to operate with
power densities of order 15WW cm~2 at the surface of the detectors
(1.e. SDUmV_Bulses corresponding to 2.5MW for responsivity 0.2 mv kw=1
or 15 MW cm < over the 4mm x 4mm detector area). The threshold for
damage is stated to be about S0 MW em™2 but damage was clearly visible
on the surface of the germanium crystals after prolonged use. It is
trought that the accurrence of a shoulder on several of the upper trace
pulses (scale 500 mv division'1) was due to excessive power density on

- the decector.

The energy density of the laser pulses, about 1 J cm‘z, is well below
the theoretical threshold of 10 J cm™2 for nonlinear effects - evapor-
ation of drops across which the pulse propagates. The optics of the
TEA laser {uncoated Ge flat and 1.5m focal length mirror) gave a beam
divergence of 10mr which would increase to SOmr on condansing the beam
from S5cm to 1cm diameter. Over a 2m path this spreads the beam to
10cm diameter. Dyer et al (A2) report a beam divergence of only 0.2mr
for a TEA laser operating in a single tiransverse mode with an unstable
resonator formed by a plane mirror of diameter 2.85cm and a convex
mirror of diameter 7.5cm and focal length -14,5m; the separation was
1.3m. We plan to use a convex mirror of focal length -4.5m and diam-
eter 3.75cm in confocal arrangement with a concave mirror of focal
length Sm and diameter ?7.5cm (expansion 4/3 per pass), but the 7.5cm
Ge flat on which the reflector is to be mounted requires to be anti-
reflec’.ion coated and we are awaiting delivery of this item.

8ection C2. Cloud Clearing with a CW 10.6um Beam

The effect of a CW 10.6um beam of power 3 ~ 5 W and diameter 3mm in al-
tering the transmittance of a cloud to a collinear 0.63um bsam from a
He-Ne laser has been investigated. Accurate spatial coincidence of the
beams can be achieved by expanding the 0.63um beam to a diameter greater
than that of the 10.6ym beam and then defining the path of the coincid-
ent beams by allowing the 10.6um beam to burn holes in two pieces of
cardboard,

Significant clearing was achieved only toward the end of a cloud life-
time when it had thinned considerably. The chart recording in figure
C6 shows how the transmittance of tha He-Ne laser beam varies after the
10.6pm beam is switched on, The transmittance rises from 6% to 28.6%

in three seconds, then declines in 2s to a steady value of 17%, and fin-
ally it declines to about &% again 1s after the beam is switched off.

In figure C7a elght such clearing episodes were recorded during the

evolution of a cloud produced by feeding steam from an electric kettle
into the cool expansion chamber. The magnitude of the clearing incre-
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ases considerably as the cloud dispels, an effect also noted by Mullaney
et al (C1) (figure C%1). 1In this chart recording transmittance rather
than attenuation coefficient is recorded, the logarithmic converter
being omitted. The clearing episodes shown in chart C7a are expanded
(in time) in the seguence of oscillographs shown in figure C?b. 1In
general the transmittance rises to a peak, and then decreases to a
steady-state value apparently because convection draws a steady flo.w f
drops into the beam. Note that the steady-state clearing is only 0.2V
at episode no.1 when the cloud is thickest, and has riser to 2.0V at
episode no.8 when the cloud is thinnest.

The attenuation of the CW 10.6ur beam should fall owing to evaporation
of drops during cloud clearing. Thus attenuations for a CW 10.6pm beam
should be smaller than for a TEA laser 10.6um pulse. We have not made
this comparison, but figures CSb and C10b show how CW 10,6um attenuation
varies during evolution of respectively a steam cloud (figure C9a) and
a very long duration expansion cloud with ion plus smoke nucleation
{figure C10a). The oscillographs record the output from a pyroelectric
detector due to the 100Kz (full wave rectified supply frequency) ripmle
component present in the laser output. (Use of this AC component was
convenient and allowed the use of the entire laser output, which the
use of a chopper would not. However, since the modulation level was
only 5.5% of the DC level, the ripple cannot have significantly affect-
ed the observations). The response of the detector is shown in figure
C8. For the steam cloud the attenuation at 10.6um fell from 3.6 dB m~1
to zero while that at 0.63um fell from 11.7 dB m! to 1.3 8 w1, 1In
the case of the expansion cloud, the attenuation decreased from 2 cB m?
to 0.13 o8 m~! at 10.6pm while the 0.63pum attenuation decreased from

4.7 dB m=1 to 2.0 dB m=1.

The ratio of attenuation coefficients, +¥(0.63)/ ¥(10.6), was 3.3 for

the steam cloud but 7.3 for the expansion cloud, implying that the drop
size was greater in the steam cloud (see figures D3 and D6). 1In fact

the ratio ¥(0.63)/ v(10.6) is a sensitive indicator for drop size, which
might provide the basis for a useful field instrument since 7(10.6)
gives Ap directly for drops with diameter less than 10pm,
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Figure CId: Attenugtion of TEA laser
pulses ( ~10 MW/om~ over 20 om?) at
various times during the evolution of
clovd { (see¢ figure(la).

Corrected transmittances are:

(1) ¢ + 30 gec 0.64
2) t + 60 sec 0.66
3) + + 100 sec 0.78

4; t + 160 gec 0.98
5) ¢t + 220 sec 0.98

upper trace: through chamber(500mV/diy
lower trace: around chamber(200mV/div)

sweep ypeed: 0.5 lua/div
no cloud: pulse ratio = 0.94
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Figure C2b: Attenugtion of TEAalaser
pulses ( ~10 MW/cm™ over 20 cm“) at
various times during evolution of

cloud 2 (see figure C2a).

Corrected transmittances are:
(1) t + 15 sec 0,52

s i, oo atiodt WAL L2 ek

(2) t + 60 sec 0,61 i
(3) t + 100 sec 0,67 i
(4) t + 140 sec 0,0 3
(5) t + 180 sec 0,97 ]
upper trace: through chamber(500 mV/divé
lower trace: around chamber (200 mV/@iv)
sweep speed: 0,5 us/div é
no cloud: pulse ratio = 0,77 §
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Firmure C8:

tesponse of Plessey
triglycine sulphate
pyroalectric detector
(type PSC222) wit
responsivity 10°v/W

to (a) switching off
(b) switching on , and
(¢) 5.5% modulation at
100 Hz of ow CO2 lager
radiation.

For (a) and (b) seales are:
vertieal: 0.5 V/div
horizontal: 0.2 g/div
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Figure C9b : Attenuation of 3 W cw 10.6 um beam and attenuwation of i
0.63 hm beam as a function of time after formation of .
stean cloud (introduction of steam from electric keutle).
5.5%L00 Hz modulation of the cw beam is monitored by a
pyroelectric detector; each pulse in above slow sweeps
repregents the amplitude of this modulation signal.
A chart recording of 0.03m attenuation (using log
amplifier) is shown in figure C10 .
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Figure C10a: Attenuation of an expans on ocloud (ion + smoke nucleation)

for 0.63 Wm radiation from a He-Ne lager as a function of
time, using logarithmic amplifier (1 V = 10 dB). Gas was
alightly pre-heated by a steam cloud. Ap = 6,5 psi .

The attenuation was reduced at times 1, 2 ... 11 , when
a W (4 mm diameter) cw 10.6 um beam wag switched on
(amount cf cloud clearing not accurate due to different

beam diameters). The normal chart speed of 0.5"/min was .
increased to 0.1"/sec for four. such periods.
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(Ap = 6.5 psi : ions & smoke;
air preheated by previous steam)
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PART D: THEORY AND LITERATURE SURVEY

Section D1. Scattering by Oroplets

Beneral theoretical treatises include books by Van de Hulst (D1),
Deirmendjian (02) and Kerker (N3). The Mie theory has alsoc been dis-
cussed by Born and Wolf (D4). 1In the following curtailed analysis we
closely follow Van de Hulst.

Let E, ,E; denote the radiatiocn electric fields respectiwely perpend-
icular and parallel to the plane containing the incident and scattered
directions. Then for incident fields Eo. 'Eop of unit amplitude

e—ikr+iwt _
E; =5,(9) — P Egy = e lkebut
(01)
- ikr+iwt
- e - a—lkz+wt
Ey =5,(0) ikr » Egy = ®

where z is the the distance along the dirsction of the incident wave,
r is the distance along the direction of scattering and 8 is the angle
of scattering. §,(8) ,S,(8) are complex amplitude functions.

On taking the squares of the moduli we cbtain for polarisations perpen-
dicular and parallel to the plane of scattering
i N
| = —1—-1 H = 2

L- Kl o = Y22 o

(02)
2 )
i, = |s, (o)l i, = |s,{6)|
and for unpolarised light

% (i1+' iz) i

kTr? ° (03)

The scattering cross section is an area of o, such that the total po-

wer scattered into all directions equals |0, Thus

O = k'j/ 1(i,+i)de = fr’ldsz (Da)

For a medium with N equal size scatterers per unit volume, the intensity
scattered in a direction making angle # with the incident electric
vector from a small volume AV is

1e)= s [“‘0’; ‘2“"’] lo (05)

The power scattered into solid angle 32 is 1r?8Q , whilst the incident
powar is A!lp 6 where AV = A Az. In the cass of a distributicn of
drop sizes, the power scattered into 62 is

17250 = 1, AV 8Q k-’f 3 {i,(6,a)+i,(0.a)} N(a)da (ce)

E]

= 1 av 8 B(9)

4]
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where

8(s) = k‘f 3{i,(0.8)+ i,(6.8)} N(a) da (07)
Calculations by Deirmendjian (D3) for functions P,(6) and P,(#) which
are proportional to i,(§) and i,(6) [ P(0)= 4 k!, a i (6) , where

Kra? {s the attenuation cross section (see below) and a = ak with

k = 21r/)\] are shown in figure D1 for an assumed distribution of drop-
let sizes of the form a®exp (-1.5a) . The calculations for water
droplets are done for wavelengths 0.70pm and 10,0pm, The solid curve

is P,(0) and the dotted curve P,(6). Carrier et al (D8) have calcul-
ated the backscattering g(r) for various cloud models. For example,

the fair weather cumulus model having a total drop concentration of
300crm~3 and most probable radius 3.5pum yields B(r) = 2.3 x 10~5 o1 a1
Suppose that a laser delivers power P, into a beam with solid angle of A :
divergence éQ, . Then a cloud at ranges z is subject to irradiance A
4 = R,/(&Qo A) over an area A where A = 228Q,. Let the backscattering :
be collected by a mirror of aperture S, so that Q = $/2%. Thus the i
power collected will be ' ,

(E:%Z’) A b2 (—}) B(r) = Po(%) sz B(x) )

Take P, = 100MW and a beam divergence of 1mr. Then for a cloud at 10km
range and S~10% cm? (~m diameter mirror) we find, assuming 8z = 100m
' and B(r)= 2.3 x 1073 m=1 sr~1, a returned power of 2.3kW.
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Since Az~ 1 /-y whera v is the attenuation coefficient the backscattered
signal is proportional to B(w)/‘y , a guantity which should be sensii-
ive to the modal radius of the’drop size distribution. The possibility

-:f : of obtaining information about drop sizes from backscatter measurements,
{ possibly using two wavelengths (10.6pm and O.Sapm) deserwves further
invastigatica.

Section D2. Attenuation (Extinction) by Droplets

Consider the resultant amplitude due to scatterers in a slab of thick-
ness 6z normal to the direction of propagation. The slab is irradiated
with a plane wave of unit amplitude, exp (- ikz+iwt) E,, At a point P
distant z ahead of the slab the total field (including also the incid-
ent field) is given by

+00 . +C0 ke + it '
) ) -ike * jw
E = o lkztiot +[ / S(OZ: N d dy dz
r
- =0

-ik(x2s y2)/22 (09)
= Eo{ 1+ s(6)e N dx dy dz}
ikr
where we use
r o~ z+(x’+y’)ﬁz (2 > X, Y) (D10)
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Performing the integration over dxdy with the help of

[“anyl o

Q0
and with the approximations $(8)x S(0) and z ¢ , we find

E = Eo{1-2rk™ N s(0 82} (012)
Now if one attributes to the medium a complex refractive index,

W e n-in (013)
then propagation over §z multiplies the wave by the factor

o MEM-T 4 C ik a2 (R-1) (D1a)
and this describes what we have found in (D12) if

ik sz(W-1) = 2x k™ N S(0) sz
or

® = 1 - 2rik”> N S(0) (018)
Thus after distance z the wave has amplitude

E = o-WMEsiwt _ -ke' -iknzeiwt (016)

and since | o E? the attenuation coefficient yof the medium is given
by
vy = 2xn' = 2k [ 2xik™*N s(0)] (017)

= 41rk-2R[S(O)]
From v we define an attenuation cross section ¢ and an efficiency factor
K by means of

c = xa’k (D18)

H]
=
Q

7

so that
K

4o Q[ s(0)] a = ak {(D19)

where a is the drop radius and wa? the geometrical cross section. ¢ in-
cludes a contribution from forward scattering.

The Mie calculation for S(0) yields the function K(a) shown in figure
D2. Note that K(u.)—vz for large a. The doubling of the geometrical
shadow is dus to diffraction (D1,07?). The cross section for absorption

%abs will be given by

PO R R A

3T

B o



b 2
i E R

i e s R o

Kl
R Sl ¥ m

|
s

e

Ty g e
T

.

|

R S Raiacket=tiakoth anechainah ikt e s S St T e e I et i e e b s i e e

e ™ -0 (020)

sca
where ¢ is given by eq.(018) and o, 1is given by eq.(D4). The relat-
ive contributions of absorption and scattering to attenuation at 10.6ym
as a function of drop radius are shown in figure D3. Three standard
drop size distributions yield the attenuation and scattering coeffici-
ents shown in figure D4 after Deirmendiian (02).

Section D3. Mie Calculation

For the complex amplitude functions S,(O) and S,(O) the rigorous Mie
calculation for homogeneous spheres yields
(-]

s,(0)= Z '%(?‘-:—?‘){ a,m, (cos8) + b, 1 _(cos 6)}

net (021)
S’(e)az %:—:-’-11){ bnnn(cosa)+an tn(cos 0)}

nal
where the functions w (cos ) and rn(cos O) are defined in terms of
ordinary Legendre polynomials P,(cos®) by

nf = 9P
& (022)

) = xnf)-(1- x')% w, (x)

and where a, and b, are coefficiants determined by the constants ¥ and a.

If we write @ « Ra then

. S{ES (o) - S, (S,
% = 5;(6)4&«% aS (a/%; (9) (025)
b = 352(08,(9) - Sn(@)Sp(e)

(1]

8. (Eae) =5, (3% (3
with 3
sn(“) - (‘:"”’) J,,,&(“)

(024)
‘bn(a) = G 1r¢:l)i Hfli(n)

A

where J (x) is e Bessel function end H?:l(x) a Hankel function.
+3 2

Section D4. Rayleigh Approximation {ak « 1 )

when a <\ (or a « 1) the scattersr radiates like a Jipole of moment
¢E, . For the direction of polarisation normal to the scattering plane
the dipole moment is ¢E, , whereas for the direction of polarisation in
the plane of scattering it is e¢E,cos 6 . Hence

61 .
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(t .coo' 0) &Yef*
| = 2 rz .o (025)

Putting €= 0 and comparing with eq. ("R) we find

s (0) = (026)

The polariaation of’ *he drip is c/V where V is the volume of the drop,
and hence )
=1 a s (o) - '
4w = v = v (027)

where W is the complex refractive index of water at the  frequency

considersd i

From ags. (018) end (D19) we find for the absorption cross section of
the droplet , . !

Ops ™ K7a’ = 41!("R[S(O)_|
= -vk[¥-1] = 2kvrn
= «xV . (o2e)

wiare « = 2kn'n is the absorption coefficient of liquid water. For a
cloud of drops with cpgwcentration N the attenuation coefficient is

Tooe [ o(a)N@@)da = K [ V(a) N(a) da

= «x(Ap/d) - (023) .

where A i the muss of water par unic volume of cloud and 4 is the

maus of water per unit volume of water,

Thls Pormula is appr(pria’ce far absorption of %0.6um by clouds &.hose
frops are optically thin. Using the dete of Cantsno (08) For' the refra-
ctive :lndex of wate?' at 10. Eym,

¥ = 1.175 + i(0.0802) (030)

obtaxﬂ For the abﬂo'ptim coeff’cient ¢ f liquid water the raesult

A 3 2ka'm = 112:!0’cm ‘03')

CTrug dmc.a are optically thin providad that 2a <1..Zum. Under these

conditiony the powerextrecied froa the laser beam is proportionel to the
volute of & drop, and eq. {028) is then valid. Physically this means
that tho a“sorption of a cloud is the absorption of the equivalent thin
layer ¢f wetor, Wien a<2um (figure 03) ecattering will be small com-
pared to cbeomition and we may write v~ T, Substitut eq. {D31)
inta {D29) rne Firds thac 7y, = 0.112 n=" for Ap = 1 g m~J, which
cosrespords to 0.4 dB -1 pay g w3 of liquid mater. Renach and Lung
{0Y) mention t+at all distributicn models with most probable radius

62
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between 0.3um and 2.0um predict 0.4 (dB m=1)(g m3)-1 for 10.6pm atten-
uetion, so that this wavelength is suitable for measurement of liquid
water content of clouds., The experimental results described in Section
C bear out thia conclusion.

From eqs. (D4) and {025)

(032)

Toea = 37k'c|® m k‘V’(n'—vz/Gr

In the ca=se when there are N scatterers per unit voluma which are spaced
by distances;small compared to a wavelangth we can write

N = ﬁ;:;l (033)

where it is the complex refractive index for the cloud {as opposed to W
"which is for liquid water). Now substitution into eq. (D32) yields

Ogca = 3 rk‘|cP
82 (n?-1)? (03a)
=N

Section DS. Diffraction Approximation [ak >1 )

When an object is viewed from a distarce z which is large enough for
the object to be well within the centrsl Fresnel zone (radiusAz ),
then the amplitude at the viewing point P is given by

- A }ex"‘_"_‘e_ik,'/f o~ K(xcosgeysing) sine dy (035)

where r, 8, ¢ are polar coordinates of P referred to axes with origin
in the particle and with x-y plane normal to the incident light. (The
distance from P to a general point (x,y, 0) on the particle’s plane is
r-(kcosp+y sing) sin® ). The form of &g, (D35) is that of (D1) for
a single particle if ‘

s(0,4) = 5k;z_. AD(8,4) (036)

with

A D(O,#) =f[e~ik(st¢+ysin¢)sina dx dy (03,7)

where A is the area of the shadow. From eq. (D3) the suattered inten-
sity is given by

Afoeel” |

A2 ° (038)
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:mce u(o 4.).1 ¢ was. (o-m] and (919] yinM
R 6“ ” (cn’) \4\.1") = 2A o S ‘ (039)
th conﬂrns that diffract.lon dnub es the qeomatrical cross section.

For a s;.hera the f’unction 0(0,4) can be evaluated %2

,'D(Q'Q) 2:’-‘%;.‘;—?) .' a = sk | (DﬂO)

where J, 18 & Bessel furction uf the first kind. Tie first dark ring
of tiis sell-wnuwn diffriction pattem occurs at

e sine = 3.3 : ‘ {Da1)

R

Foi' the relative intensities aof the first and second diffraction rings
relative to the central meximum sse figure 05,

Saction 06. hatural Fogs and Clowds

The snalysis given by Wright (D1G) ssews to aescribé the situstion most
succinctly.  For the drop size distribution a gamma Function distrib—
ution law f 02) is asdused:

| N(a?da = -";ﬁ(l)pexp( ”a:)d(;;) (0a3)

where I‘(p-o- 1) is the complete gawma function, N is the total drop conc-

 sntration, a is the drop radius, @; the most prubable radius, and p is

the width paramter. ‘At large radii this reduces to the .Junge distrib-
u"inn law. , ‘

The total valums of 1liouid wster per unit volume of cloud is given by

!I‘ = gﬂfmas N{a)da |
Jo ‘ ' (044)

= el (v+1)(p+32)(p+_§)_ N
- w

The attenuation (ext:mctiun) "oe’f‘ic;ent for & particular wavalength is
giver by

[ o - _
v = Nj na*K(a, W) Ma)jda (pas)
. .

g

P
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where W is the complex refractive index of water. The exact Mie cal-
culation of K(a,%) is complicated and tedious but for refractive index
(D30) we may use the Van de Hulst approximation

Ka,¥)= 2 %mg e """%sin(n-g) + %2000’9{ 00320-0"’“"'003(9—29)‘} "(m)

where
' A= n-=in
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{ tang = -n—':ﬁ» n = 20(!\—1) (M7)

The approximation is valid for n « 1 and a correction factor has been
applied by Deirmendjian (D2). Cn this basis Wright obtains the atten-
uation coefficients for 1.06)1!“ and 10.6um radiations which are shown in
figure D6 as a function of a,. The attenuation coefficients are plotted

for three values of u and are not particularly sensitive to 4.

T NPT

For large a (=ak)the simple assumption
K (a ,’H’)a——b 2 : ' (nas)

3 . can be made, in which case eq.(D45) integrates up to

- (b4

Measurements of attenuations at 1.06pm and 10.6pm are used by Wright
first to infer a mode radius a, from the ratio v(1.06)/ Y(10.6} by
reference to figure D6. Then 10.6pm attenuation esteblishes Ap = qd
by eq. (D23), and from q one finds N by use of (D44},

Use of eq. (D49) in (D44) yields

22, vd (P+1)(P"’2)(P+3) (0s0)
9 e

This differs from (B8) by the factor (p +9J(p +2)(|.| +3)/ 3 on the left
hand side; for p = 2 the factor is 2.5, for p=4 it is 1.1 ana for
p=61it is 0.8. :

Section 07. Experimental Observations

? gev)-ueral view of the literature up to 1972 has been given by vatsia
D11).

The first extensive work on transmittance of natural fogs tc radiation
in the spectrael band 0.35 - 10 pm was carried out by Arnulf et al (012).
Figure D7 summarisaes the results.

Gates and Shaw (D13) measured the transmittance of various clouds to sun—



light bstween 0.48um and 12um, concluding that the transmittance is
congistantly higher in the 8.0 to 12.0 pm region than in the 0.48 to
5,0um region,

Kurﬁick et al (D14) have reported transmittance of rain, snow, sleet,
freezing fog anc. fog in Chicago to 1 - 11pm radiations - see figure
na.

Jobnson and Burch (D15) investigeted the transmittance of artificial

- fogs at wavelengths 0.434, 1.01, 3.5, 10.0, 13.5 and 345 ym. The fogs
were generated by spraying liquid nitrogen into the top of a chamber
containing air saturated by contact with water at the bottom of the
chambher slightly above room temperature. Figure D9 summarises the
results.

Chu end Hogg (D16) have measured attenuations of natural fogs and rain
ove' a 2.6km puth for vaerious laser beams (He-Ne at 0.63um, He-Xe at
3.E§m, and CO2 at 10.6um). Fogs attenuated 10.6pm radiation least,
whi.lst rain attenuated 0.63um rediation least. Fogs containing 0.1 g 3
of water attenuated 1C.6pm radiation by 15 d8 kn~1, whist rain at

25 mm b=1 (1 g m3) produced 12.5 dB km~1 (figure D10).

Ruonsch and Long {09) measured attenuation by wery light fog and by
raan of 0,63un and 10.6um laser beams, For rain at 24 mm h=1 they find
attenuctions of about 10 dB kn—' for both beams.

Sanders and Selby (D17) have measured attenuations by dense natural
clouds at ssveral leser wavelengtha - 0.63, 1.15, 3.39um (He-Ne), 10.6pm
{CO2), end 337um (CN). Clouds were sampled with a 4-stage Casella
impactor; distributions hed mode redii in the range 1.6 to 4.5um and the
tctal drop concentrations ranged from about 200 to 2500 cm=3 (the liquid
water contents being in the range 0.03 to 0.4 g m-3). The measuremants
were made at Grsat Dun Fell, Cumbria, a site (at altitude 2780 Feet)
where visibllity was less than 200m for 264 days during the year 1966 at
9 a.m. They state that the absence of large drops (20 - 100pm) might
ba expected at the bese of stratus clouds where drops are at an early
stage of evolution. Attenuation at 10.6um (over a 90m path) was compar-
ed with attenuation at 0.53pm (over a 45m path). Expressing the atten-
uations in d8 km~1 the former was always less than the latter, the ratio
varying from 0.31 to 0.64, corresponding to a range of 10.5pm attenue-
tion coefficient 9.5 - 45,8 dB8 km~' (figure D11)

Wright (010) reports cbhservations with a transmissnmeter which operates
continuously and automatically over a path of 560m at wavelengths 0.63um
1.06 pm and 10.6um, Figure D12 compares attenuation coefficients for
10.8um and 1.06um beams over the month of May, 1975. Figurs D13 shows
at.tenuations vs. time during a fog on May 9, 1975,

Witk regerd to backscatter and lidar Collis {D18,49) has reviewed the
potential use for atmospheric probing. Backscatter measuremants havs
been made by Fiocco and Smullsn (U20), Rensch and Long (021), Brandewie
and Davis (D22) and Hughes et al (D23). Clemesha et al (024% describe
a laser radar system for atmospheric studies. Herman et al 025) pron-
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ose a bistatic lidar which would enable asrasol size distributions to
be inferred from polarisation measurements. . se also Barrett and

Ben-Dov (026).

Section D8, Cloud Clearing

A drop of radius a(t) at time t gradually shrinks as it evaporstes. In
a radiation flux F this shrinkage is given by

alt) = a{0) o ¥ (051)

TF = __.._..and = 10 J cm™
K
where H is the heat required to convert unit mess of water at room temp-
erature into vapour and 1n is a factor which accounts for loss of heat
to the medium. Analysis aof cloud clearing by laser heams sufficiently
intense to evaporate drops has besen made by Glickler (027), also Lamb
and Kinney (D28) and Sukhroukov et al (D29).

Measurements of the clearing due to a CW 10.6pm beam, as monitored by

the change in transmittance for a collinear 0.63pym beam, have been made

by Mullaney et al (D30). Figure D14 shows how transmittance varies with

time after switching on the 10.6um beam. The ultimate steady-state tra-
nsmittance is less than the peak value reached some 0.5s after switch- :
on (for beams with power density between 5 and 50 W cm=2) because of 1]
the onset of convection which draws drops into the cleared channel. ‘ ‘
They measure 1 - 10 cm s~1 for the velocity of the convection and find
0.1 - 1.0 K for the temperature rise of the ascending air immediately
above the beam, Their clouds are produced by introducing steam into a ;
chamber (0.83m long) refrigerated to 275K. They estimate drop radii §
in the 2 - 7um range, and concantrations between 10° and 104 cm=3. The E
product Fr was found to be constant as F is varied, in agreement with i
eq. D51, and they obtain 28 * 4 J cm2 for its value, implying that i
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In the case of TEA laser pulses there is insufficient time for loss of ;
heat to the medium, implying that n=x1 in eq.051. Moreover the heat- !
ing is sufficiently rapid (a few tenths of a microsecond) for the mat- 'i
erial of the drop to be inertially confined. The evaporation may then H
take the form of a micro-explosion after the radiation pulse has passed, %
which would change the parameters of ths medium gnly for a subsequent §
pulse. The threshold energy density of 10 J cm™= ran be exceeded by i
optical condensation of the 20 cm@ beam of our TEA laser, but it will j
be necessary to limit the beam divergence tu less than imr by use of an |
unstable resonator before tests of these nonlinear effects can be )
carried out for our laboratory clouds.

In some elegant experiments Kafalas has examined the behaviour of sin-
gle drops irradiated with a focused TEA laser pulse (power density only 3
10 MW cm*z, however]. Photomicrographs of the droplet were obtained by j
Kafalas and Ferdinand (D31) (i) before the pulse, (ii) 0.9us after the ?
pulse and(iii) 2.3ps after the pulse. The drop was positioned at the
- focus of three microscopes illuminated by 20ns sparks in succession.

Figure D15 shows their results. For optically thin drops the explosion
is spherical, and they find 130 m s™! (Mach 0.4 in air) for the vapour
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front expansion of a 12 um radius drop averaged over the first 1.3us.
For optically thick drops front surface explosion with rear surface
spallation gave a "dumbball" expansion; a shock initiated at the front
surface travels through tha drop to cause spallation at the rear surface,
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§ . Kafalas and Harrmann (D32) used a schlisren system te follow the expan-
: sion of the shock fronts. They observed (figure D156) (i) expansion of

e a shock front with velocity Mach 1 in air driven by a tempereture step

and (ii) an expanding sphere of water vapour beshind the thermal shock.

The velocity of the latter decreased from 130 m s=! over the first

¥ 2=3ps, to 15 m s=! ovar the next 5 - 15 ps, and finally to 10 m s=1

3 . over the last 16 - 37 us of obsarvation. The duration of the laser

- pulse was 0.175us, They calculate that the energy dissipated in the

§ explosion (0.1imJ) was comparable to the energy required to evaporate

the drop (0. 16mJ).

In view of the several orders of magnitude change in the sbsarption :
which occurs when water changes from liquid to vapour phase, it is of 3
considerable interest to measure the shape of a TEA laser pulse with 5
energy density greater than the svaporation threshold, 10 J cm=2, and
with duration short enough for at least partial inartial confinement.
In 0.1ys an sxplosively evaporating drop will have expanded to radius
~13um, whatever its initial radius. Does such a drop absorb like

; . liquid water for the leading part of the pulse and as vapour for the
4 N following part? We plan to investigate this effect.
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Figure D14:

Experimental arrangement for fog dissipation meas-

urements.
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Output of the visibility probe (He-Ne beam).

0*

Li=Meters

Clearing effectiveness of the CO, laser as a function
of initial charecteristic length.

Variation of transmittance of 0,63 pm

beam through a laboratory fog due to

drop evaporation by a coincident 10.6 2
beam with power density between 5 and’50 W/cm®.
L 1is reciprocal attenuation coefficient or
optical depth, deduced from measured I(z)/1(0)

(After Mullaney et al,, ref D30)
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Fig. 4. Photomicrograph of a 20.um-radius water droplet being

ircadiated by a 10.6-um laser pulse. (a) Droplet before the pulse,

(b) droplet during the pulse. (c) droplet 1.3 usec later. (The ar-
rows show the direction of the pu'se in projection.)
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3
Fig. 6. A 12-um (radius} droplet 2.0 usec after incidence of the Fig. 7. A 26-um (radius) droplet 0.9 usec after incidence ot ™
laser pulse. laser pulse. v
3
3
4
Figure D15: Photomicrographs of drops undergoing explosive 4

evaporation on irradiation by a focgssed 1046 m
pulse with power density ~ 10 MW/cm '

i < b

(After P, Kafalas and A.P. Ferdinand, ref, D31)
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18 um 0.Tusec 25um 4.9 usec
G
x. 25um 16.2usec  3um 37 usec
3 Fig. 2. Schlieren photographs of four exploding water droplets.
9 The radius of each droplet is shown at the left and the elapsed
‘ . time since the 10.6-um laser pulse is shown at the right. Laser
3 : pulse direction: left to right.
3
‘Fig. 4. Schlieren photograph of a large (~35 um radius) explod-
ing water droplet 6.7 usec after the 10.6-um laser pulse. Laser
pulse direction: left to right.
Figure D16: Schlieren photographs of the expanding shock and
_ vapour fronts associated with the explosive
. evaporation of drops irradiated by focussed TEA
Eo laser pulses,
L (After P, Kafalas and J. Herrmann, ref. D32)

84

s i)

N

ot i, i,

e MR aetsn, DS L

N

ik, 2 RIS .

i

-
Ha

hb;q::_m‘ it At o L o

4
.
H
3



N MIRRESTOMTRET T D TN

TR R A T R TR N T RO ﬂwwm“m
. Y

’ APPENDIX X1: THERMAL BLOOMING AnD BEAM DEFLECTION REFERENCES %

(E: experimental T: theoretical)

(1) W.R, Callen, B.G. Huth and R.G. Pantell, Optical Patterns of Thermally |
Self-defocused Light, Appl. Phys. Lett. 11, 103 (1967)

(E2) E.A, McClean, L, Sica and A.J. Glass, Interferometric Observations
of Absorption Induced Index Change Associated with Thermal Blooning,
Appl. Phys. Lett. 13, 369 (1968).

(E3) F.G. Gebhardt and D.C. Smith, Effects of Wind on Thermal Defocusing
of CO, Laser Radiution, Appl. Phys. Lett. Ak, 52 (1969).

(E4)D.C. Smith, Thermal Defocusing of CO, Laser Radiation in Gases, ;
IEEE J. Quant. Electr. QE-5, 600 (1869). g

(ES) J.R. Kenemuth, C,B. Hogge and P.V. Avizonis, Thermal Blooming of a .
10.€}kLaser Beam in CO,, Appl. Phys, Lett. 12, 220 (1970). :

(E6) H, Kleinman and R.W. 0'Neil, Deflection of a CO, Laser Beam in an !
Absorbing Gas, J. Opt. Soc. Amer. 61, 12 (1971)¢

(E7) F.G. Gebhardt and D.C. Smith, Effects of Diffraction on.the Self-
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APPENDIX X2: PARTICLE SIZING METHODS

(a) Oirect particle sizing methods (1 -~ 6) involve the measurement

of imprints left on a slide coated with a material such as MgD or gel-
atire as a current of air impacts the drops onto the slide. For example,
a four-stage Casella impactor (2) draws air through a series of four
Jats behind each of which is a gelatine coated glass disc; at about
17.5 litres min~! airflow the first disc collects 100um drops, the sec-
ond 10pm, the third 3.Sum and tha fourth 1.3um, The stains left on the
gelatine are sized and counted over some area; the ratic of stain dia-
metser to drop diameter is typically 1.4, a factor that has to be found
by calculatiun, The efficiency of collection of drops of different
sizes at any stage may vary, and must be corrected for.

(b) The Direct impact methods give low sampling rates, require tediaus
measurement and analysis, and disturb the sample. Optical methuds are
free from these cbjections. They are based on a number of different
principles.

(1) Most direct is the correlation between the intensity of the light
pulse scattered by a drop and the size of the drop (7,8). In an ingen-
ious application of this principle drops are drawn through an intra-
cavity He-Ne laser beam causing s.bstantial change of output (2). A
multichannsl pulse height analyser enables particles in various size
groups to be counted and the counts can then be directly displayed on
an oscilloscope as a count spectrum. In a commercial version* of this
instruments cover the following size ranges: 0.01 = S pm. 2 ~ 30 pm,

20 - 300 pm and 300 - 4500 pm. Sampling rate is up to 10kHz.

(11) Forward scattering of light from a laser beam collected by a lens
gives a diffraction pattern at the focal plane of the lens from which
can be deduced (at least in principle) the size distribution of the
scatterers (10 - 13). In a commercial version®of this principle a
multielement detector at the focal plane picks up the diffraction rings
from different size groups. The output is multiplexed through an
analogue to digital converter, the particle size distribution computed
in a signal processor and the spectrum displayed on a paper printout.

(1i1) Measurement of the velocity spertrumof the drops and use of
Stokes's law gives the radius distribution. Optical heterodyne tech-
niques for the velocity spectrum have heen exploited by Gollub et al
(14). An alternative is to allow the drops to move through an inter-
ference fringe pattern produced by interfering a split laser beam. By
picking up the scattered light pulses, then extracting the periodicity
of the pulse train with great accuracy by multiplying the train

with many different time-delayed versions of itself (digital correlator)
one megasures the velocity spectrum for particles traversing the inter-
ference pattern {15). A commercial version is available.®

(iv) Knollenberg (16) has measured particle sizes by projecting a magn-
ified image as a shadow over an array of optical fibres feeding photo-
multipliers.

(v) A fifth method, yet to be tested. is an adaptation of the method
employed by Cole et al {17). The descent of drops under Stokes's law
will be gated a distance d above a 0.63um laser beam transverse to
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their descent paths. On opening the gate, first the largest and then
progressively smaller drops pass through the beam. Monitoring the for-
ward scatterad diffraction lobe at the focal plane of a lens, the osc-
{11ation of the Mie efficiency factor K(a) with drop radius a = a/k
is sought on a chart recording using a logarithmic amplifier to give
output proportional to N(a) a?K(a) .

(¢) Electrostatic methods for sizing drops have been investigated by
Keily and Millan (18). The additional capacitance added as a drop str-
ikes a collection electrode causes a small pulse of extra charging
current proportional to the volume of the drop added.

*barticle Measuring Systems, Boulder, Colorado 80301
*pPracision Dev.-es and Systems, Malvern, England WR14 1AL
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~ APPENDIX X3

A compact 50-J CO, TEA laser with VUV preionization

and the discharge mechanism*

P. F. Browne and P. M. Webber

Phyrsies Department, University of Manchester Intitute of Science and Technology.

Manchesrer M6( 1QD. England
{Receved 9 February 1976 1n final form | April 1976)

A design is reported for a compact and simply constructed CO; TEA laser giving pulses of up to 50 | wnh
0.1-ps duration from a discharge of dimensions 456 2 6 cm’. The gas is preunized by VUV irradistion
from two hines of M senes arcs 1o aither side of the uniform field electrodes to ohich potentials of + 350 kV
and - 50 k¥ are applied. The mechanism of preiomzanon and the condite s for 8 uniform discharge are

cons. ~ved.

PACS numbers: 42.60.Cz, 52.80.Mg, 84.70. +p

The ionization of large volumes of gas at atmospheric
and higher pressures by vacuum u.traviolet or x-ray
irradiation from arrays of hnt transient arcs is of in-
creasing interest. The phenomenon has played a central
role in the development of TEA lasers. The earliest
LEA iasers excited the gas mix by corona discharges
from arrays of pins, which may or may not be fed
through ballast resistors.'~® These were superceded
by devices employing uniform-field electrodes, the gas
being preionized by means of an auxiliary discharge of
limited energy,; the auxiliary discharge (of corona
type) may occur to a dielectric -coated electrode, *=®
to pins, " or to fine tungsten wires (o either side of
the nain discharge.* "' More recently, there has
emerged a third class of device in which the gas is
preionized by vacuum ultraviolet radiation from arrays
of hot transient arcs in series'? or in parallel’®" with
the main discharge. Uniform discharges at atmospheric
pressure over gaps as large as *0 cm can be achieved
by this method. '’ The mechani. .a of VUV prejonization,
however, is still obscure, nor are the conditions for a
uniform discharge fully understocd,

We report a particularly simple and compact design
for a CO, TEA laser with VUV preionization, with gocd
performance. Bruce-profiled solid alrminum electrodes
with base dimensions 50x15 cm are supported, with a
6-cm gap, inside a Perspex box of dimensions 105 x 35
x25 cm. Reflectors are mounted directly to the end
faces; a thick rubber gasket serves both as gas seal
and spring loading for three adjustment screw.. Shock
waves from the discharge do not cause significant
misalignment.

FIG. 1, Brucce-profiled solld aluminum electrodes of hase di-
mensions 15 53 em and the two lines of pretonization arcs,

662 Applied Physics Letters, Vol. 28, No. 11, 1 June 1978

For reflectors we have used an uncoated Ge fiat (727
reflectivity) and a gold-coated Cu-Zr councave refle” o
with radius of curvature 3 m, both of diameter 7.5 ¢
An unstable resonator aiso proved effective. Gas flow
rutes, in i/min, are in the ranges 4—9 He, 2-3 CO,,
2 Nz.

The gas is prejonized by VUV radiation from two
lines of arcs to either side of thie main electrodes and
28 cm apart (Fig. 1). Each line consists of 34 arcs in
series between tungsten or copper pins which are glued
into the ravine between touching capillary glass tubes
(7-mm o.4.; 2.5-mm i.d.). Earthed conducting rods
ingide the capillaries polarize the glass and increase
the capacity to earth of each pin. The gaps were 3—4
mm. The striking potential wag less than 20 kV, but
the lines were asually fed (rom a J.5-uF ca2pacitor
charged to 50 kV, so that 625 J is discharged through
68 arcs. The ringing period of 6 us indicates a circuit
inductance of 1.6 uH, and the peak current V{C/L)*'?
then works out at 3000 A.

Breakdown between a main electrode and an arc line
(only 7 cm away) was avoided by applying * 50 kV to
one electrode and = KV to the other by mears of the
circust shown in Fig. 2 On triggering the pressurized
spark gap 8’ the capacitor C’ is discharged through the
arcs. Apparently due tc preionization of the gas, a
=50 KV pulse is fed onto the main discharge circuit
(heavily outlined in Fig, 2). Thus 100 kV anpears
across 8, which breaks down, and since 5, is in the
same chamber of pressurized N, it also fires. Thus
the main discharge circuit is completed automatically,
We have also .riggered S, independently, using pickup

1
- ) ~ ™
[ ] ~=c'
0w -
oc
3, s
A
-

FIG. 2. Circult diagram with low-inducuance mittn discharge
circuft heavily outlined,
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FIG. 1. Double atr breakdown.

from the arc current to fire a thyratron which feeds a
current pulse, via a va,‘able delay line, to the primary
of an induction coil, Varying the delay by ~1 us seems
not 10 he important We have operated the system with
C =6.12 uF and with C =0.25 uF (Fig. 2). For the iat-
ter value (not the maximum) 6235 J is discharged through
a gas volume of 15:-6-6 em?® (=1 62 1). which is 386

J b

Imprints burnt onto polaroid film suggest a fairly
uniform power density over an area of 20 cm?® with a
sharp boundary. A photon drag detector ind.cates typi-
cally 12.5 MW ‘cm? for the mean power density, imply -
ing 250-MW total power. The pulse width, at half-
power poimts, is 0.1 us, implying pulse energy of 25 J.
Interference fringes visible on these imprints, which
rotate as the Ge output window is rotated, are attribut-
ed to a wedge of 5 7 arc min on this etalor. Figure 3
rhows double aiT breakdown at about 10 and 24 cm in
front of a concave mirror vhich intercepts the beam.
The above data was obitzined with C =0.12 uF (Fig. 2).

Cancerning preiomzation of the gas, two mechanisme
would seem to operate. (i) Impurities, reaction pro-
ducts, or additives. which are present in a few parts
per million, may be i1onized by photons with quantum
energy less than 11 eV *!’ Alove about 11 eV CO, ab-
sorbs strengly, ana the molecule ionizes at 13. 7 eV
Ny wniz:s at 15 6 eV, At 16.4 eV quanuitn onergy tie
absorption coefficient of CO, has reached 500 cm™ and
that of N, 650 cm”'.'"*'* This tyue of phot vionization
apparently was operative in syster:s described hy L¢ -
vine and Javan® and by Seguin ¢/ ol *

(i1) Other systems (including ov'r own) seem not to be
affected by additives. Als», Judd and Wada'? report that
a LiF filter reduced preiunization by 807, aithough it is
transparent up to 11 @V The question then becomes
how can shorter-wavelength radiation propagate over
distances of the order of 15 cm. As quantum energy in-
creases well beyond the ionization limit both measured
and theoretical photoionizition cross sections decrease
For a hydrogenlike atom the theoreticai cross section

653 Appl. Phys, Lett,, Vol. 28, No. 11, 1 June 1976
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(b) In the case of class 3 TZSA lasers, 200-eV bremus-
strahlung from hot locZlized arcs may account for the
prejonization. Assume that the arc develops {rom a
singie avalanche, and that the current channel, due to =
shock wave expansion, has radius c,! after time /, -
where ¢ is the velocity of sound. For /=3 us one ob-
tains c,/= | mm, and for an arc gap of 3 mra the arc
volume is 10" cm® 1f one assumes that 25 eV is lost
in tonization per atom in this volume, then 1 J is re-
quired to fully ionize the arc volume If one dissipates
an additional 6 J in the arc volume the result should be
a 100-eV plasma. The bremsstrahlung power at (re-
quency v within bandwidih A1 and solid angle AR from
volume V, is given by*!

M et 1 ey W

for unity Gauat factor and single ionization S
hy =200 eV, v/ -0 2, kT=100eV, N, =N, =¢ 7
<10 em?, v, 107 em®, and AR =}. one finds J = 587
W.arc, In 3 us son.-- 68 arcs will give enough 200-eV

W

J =5 4x0N, N, TV Y exp(=hv/kTIV,A0A0 W (1) -

tuting .

quanta to ionize 1 6 1 to the extent of 2<10" ion pairs i

em™.

o on pairs due te preionization will grow to n pairs
after avalanching through dis.aace », where »n . ngexp
<(av) When uiit area of anode has collected n o elec-
trons, there wiil have developed in front of the cathode
a thin layer L of positive space charge. with thickness
vand charge per unit area ¢»# a. The field 0" ** "= space
charge will cance: the applied field E throug ‘he
m.ajor part of the gap when cn.'v - E 41, For £ = 16 kV
cry and a = 10 em™ (an uncertain value intermediate
hetween the pure yas values®®), the applied field is an-
nulled when » - 10'* em™® Avalanching 1s now quenched,
except possibly between [ and the cathode if photoelec -
tric enussion occurs

An unwanted channel discharge will occur .1 a single
avalanche is allowed to develop into a streamer, 3=

which implies a change from collisional tJ uv ionization

at short range-soft uv can travel orly ~ 2+ 10" cm be-
fore being, absorbed This change vccurs when the field
due to the tiobs of space charge at tne head of an ava-
lanche becomes comparable to F, giving two regions of
field wutensification The critical field 18 reached for
an avalanche multiplication of order 10° ¥ T he
accelerating field must he cut off before any . ,dual
avalanche attains this multiplication That iz, we re-
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quire n n. 10", implying ng - 10* eni™? for 1 10%

cm™.

In the absence of secondary emission at the cathode
some 2 510" ton pairs cm”? would have to be created
in order to discharge 0.25 . F at 50 kV through 1 6 |
of gas. Since avalanching 18 quenched at 10'? pairs em?,
there must cccur successive bursts of avalanching inter -
spersed with intervals when the positive space charge
is being swept out. This sweeping out may be rapid,
because the mobility of He; ions. 20 cm 8(V cn',
exceeds that of any ther 10n by an order of magnitude
and because the fielil between L and the cathode will be
greater than E (the ivn current would equal the electron
current for a field of aLout 20F). It i3 probably impor-
tant that the preisnization should continue during the
discharge.

The authors are indebted to Dr. C Smalley for
1aachining. by means of a specially cut tool, Bruce-
profiie electrodes.

*Work supported Iy U.S. Department of the Army, Furopean
Resenrch Office, London,
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