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1. EXECUTIVE SUMMARY

Research was conducted in an effort to study the physics of high-energy electron beams 
generated in a dense plasma focus (DPF). The effort consisted of both theoretical and experimental 
approaches. Theoretical calculations were performed using various non-local thermodynamic 
equilibrium (non-LTE) kinetic models to identify line candidates that would exhibit a measureable 
degree of polarization. A finite-volume magnetohydronamics (MHD) code was used to estimate 
what plasma temperature and density can be achieved from plasma produced by a DPF driven by 
NRL’s Hawk pulsed-power generator. The experiments carried out on Hawk tested different gases 
in the gas-puff nozzle at varying pressures. A convex crystal spectrometer was benchmarked using 
different crystals and filters, and was mounted on the Hawk chamber for collection of 
spectroscopic data. This memorandum summarizes the overall results of the project.  

Several K-shell emission lines from helium-like (He-like) and hydrogen-like (H-like) 
argon and neon were considered as candidates for plasma polarization spectroscopy (PPS). 
Calculations performed using the Flexible Atomic Code under conditions which would provide 
maximum polarization show that the He-α resonance line (1s2p 1P1  1s2 1So), He-α 
intercombination line (1s2p 3P1  1s2 1So), and He-β resonance line, (1s3p 1P1  1s2 1So) are 
useful candidates from the He-like shell. From the H-like shell, the Ly-α doublet lines (2p 2P3/2  
1s 2S1/2 and 2p 2P3/2  1s 2S1/2) are the best line candidates. The collisional-radiative spectral 
analysis code PrismSPECT was used to calculate K-shell radiative cooling rates. These were fed 
into the MHD code Athena which estimated sufficiently high plasma and ion densities from a 
Hawk shot with deuterium in the Marshall guns and argon or neon as a dopant in the gas-puff 
nozzle. A magnetic sublevel kinetics code was developed to complement experimental efforts. The 
code is capable of handling a two-temperature electron distribution function (EDF) where one 
temperature represents the thermal electrons, and the other represents the non-thermal electrons. 
Visible spectroscopy of experiments on Hawk with argon in the gas-puff nozzle indicated lines 
from impurities as well as singly ionized argon. Due to the Covid-19 pandemic, the experimental 
measurements of the electron temperature and density, as well as the development of the two-
crystal spectropolarimeter were indefinitely delayed.  
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CHARACTERIZATION OF ELECTRON BEAMS FROM A DENSE PLASMA FOCUS 

2. BACKGROUND

A dense plasma focus is a system used for the generation of high-energy-density (HED)
plasmas. It can be operated as a source for either neutrons [1] or high energy x-rays [2]. During its 
operation, a rapidly changing magnetic field quickly collapses and induces the formation of an 
electric field. This field accelerates a beam of highly energetic electrons in one direction. A 
detailed study of the electron beam generation will address the longstanding question in 
fundamental physics of what underlying physical mechanisms lead to the formation of electron 
beams in pinched plasmas. Understanding of this mechanism may enable the production of high 
energy x-rays at a level required for radiation hardness testing of electronic systems. One way to 
investigate the electron distribution function (EDF) and fields within plasma is to use plasma 
polarization spectroscopy (PPS). This novel diagnostic tool is applicable across plasmas of very 
different densities, from low-density astrophysical plasmas to high-density z-pinch plasmas. It 
relies on coupling sophisticated atomic and ionization modeling with analysis of emission data 
obtained with a specially designed spectrometer. This technique is considered here for the 
energetic electron beams generated in a DPF driven by NRL’s Hawk pulsed-power generator.  

2.1 Scientific Goals 
In order to improve our understanding of electron beam generation from a DPF, a 

combination of sophisticated simulations as well as experimental data must be generated. The 
work here focused first on identifying suitable line-emission candidates for plasma polarization 
spectroscopy. A multitude of theoretical tools were employed to this purpose. The Flexible Atomic 
Code [3] was utilized for all calculations of atomic data, including transition energies, collisional 
excitation cross sections, and radiative decay rates. This code can also be used to estimate the 
polarization of a line-candidate assuming an EDF which would maximize the degree of 
polarization. Since the plasma produced in a DPF consists of a relatively small percentage of non-
thermal electrons, and thus mostly consist of thermal electrons, a new code was developed to 
calculate the degree of polarization of the line candidates using a two-temperature EDF. The new 
code is also capable of producing polarization sensitive synthetic spectra.  

 The experimental goals of this research consisted of several components. A visible 
spectrometer was used as a diagnostic to ensure that the gas-puff valve was injecting dopant into 
the chamber. A finite-volume MHD code was also used to estimate the plasma temperature and 
density that would be achieved in a configuration where deuterium plasma was injected via 
Marshall guns, and the plasma was doped with a small amount of argon. A convex crystal 
spectrometer was used as the primary diagnostic to record time-integrated, spatially resolved 
spectra. An x-ray pinhole camera was used as a diagnostic to evidence the pinching of the plasma 
within the chamber. This spectrometer was benchmarked and tested off-line using a small x-ray 
pulser. Subsequent spectroscopic measurements would have been used as a proof-of-principle x-
ray spectrometer design that will then be duplicated in a second spectrometer. These two 
spectrometers would be used as a pair, with their diffractive crystals oriented such that one 
spectrometer records x-rays polarized parallel and the other perpendicular to the direction of 
propagation of the electron beam produced in the DPF plasma.  

_____________
Manuscript approved February 4, 2021.
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2.2 Technical Approach  
This research project combined theoretical and experimental efforts. On the theoretical 

front, it was necessary to first determine suitable line candidates for polarization spectroscopy. 
This technique requires that spectroscopic measurements record at least two x-ray emission lines. 
Ideally, one of the lines will be intrinsically unpolarized for cross-normalization purposes. If there 
is no line which has zero polarization, the next best candidate is a line which has a low degree of 
polarization. The degree of polarization must also remain relatively flat as a function of the electron 
impact energy. The dopant added in the proposed experiments cannot be too heavy, thus neon and 
argon are good element choices. To determine the line candidates, the polarization module of FAC 
was utilized. This module allows one to calculate line polarization due to collisional excitation by 
electron impact. The module assumes a Gaussian EDF and takes into account radiative cascade 
effects. Thus the resulting calculations present an ideal-case scenario. In reality, the EDF generated 
in a DPF driven by NRL’s Hawk pulsed-power generator will consist largely of thermal electrons 
with a small tail of non-Maxwellian electrons. To this effect, a new code was developed which can 
take a two-temperature EDF and produce polarization sensitive synthetic spectra. The code uses 
atomic data generated using FAC for the magnetic sublevels of the selected configurations. The 
degree of polarized line emission is then calculated based on this atomic kinetics model. The 
degree of polarization is given by,  

 𝑃𝑃 =  
𝐼𝐼|| − 𝐼𝐼⊥
𝐼𝐼|| + 𝐼𝐼⊥

 (1) 

where 𝐼𝐼|| and 𝐼𝐼⊥ are the electric field vector intensities that are parallel and perpendicular to the 
electron beam direction. Assuming that the plasma is optically thin, these intensities can be 
represented by,   

 𝐼𝐼∥,⊥ = ℎ𝜈𝜈𝜈𝜈�𝐽𝐽𝑖𝑖 ⟶ 𝐽𝐽𝑓𝑓� × � 𝑓𝑓(𝑀𝑀𝑖𝑖)
𝐽𝐽𝑖𝑖

𝑀𝑀𝑖𝑖=−𝐽𝐽𝑖𝑖

� 𝑀𝑀𝐼𝐼∥,⊥(𝛥𝛥𝑀𝑀,𝜗𝜗 = 90o) ×

𝐽𝐽𝑓𝑓

𝑀𝑀𝑓𝑓=−𝐽𝐽𝑓𝑓

�𝐽𝐽𝑓𝑓𝑞𝑞𝑀𝑀𝑓𝑓 − ∆𝑀𝑀|𝐽𝐽𝑖𝑖𝑀𝑀𝑖𝑖�
2
 (2) 

where ℎ𝜈𝜈 is the energy of the transition, 𝜈𝜈�𝐽𝐽𝑖𝑖 ⟶ 𝐽𝐽𝑓𝑓� is the radiative decay rate of the transition, 
𝑓𝑓(𝑀𝑀𝑖𝑖) are the populations of the upper magnetic sublevels, and 𝑀𝑀𝐼𝐼∥,⊥ are the relative multiple 
intensities. The last term in the parenthesis is the Clebsch-Gordan coefficient. The product of this 
term and the radiative decay rate yields the radiative decay rates of the fine-structure levels via 
application of the Wigner-Eckart theorem. The magnetic sublevel populations are calculated by 
solving a system of kinetic rate equations given by Af = b where A is the rate matrix, f is the vector 
with magnetic sublevel populations, and b is the rate vector. The candidates considered in this 
research were electric dipole (E1) transitions, and the final expression for their polarization can be 
expressed, in terms of the magnetic sublevel populations, as 

 𝑃𝑃 = −
𝑓𝑓(−1) − 2𝑓𝑓(0) + 𝑓𝑓(+1)
𝑓𝑓(−1) + 2𝑓𝑓(0) + 𝑓𝑓(+1)

 (3) 

After determining suitable line candidates, it is necessary to make estimates of the plasma 
temperature and density that can be achieved in a DPF shot driven by the Hawk pulsed-power 
generator. For this effort, the collisional-radiative spectral analysis code PrismSPECT was used to 
calculate the radiative K-shell cooling rates of argon plasma. The cooling rates were then fed into 
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the finite volume MHD code known as Athena [4]. This finite volume MHD code is based on 
approximate Riemann solvers.  

The experiments conducted for this research effort consisted of DPF loads driven by the 
Hawk pulsed-power generator. Hawk is capable of delivering up to 680 kA of current with a 1.2 
µs rise time into this type of load. Whereas most other DPF banks have low inductance (typically 
10’s of nH), Hawk has an unusually high inductance (607 nH). The higher inductance has led to 
speculation that Hawk may be able to drive implosions beyond their typical load conditions, and 
thus is being investigated at NRL, in general, as a testbed to study mechanisms of charged particle 
acceleration. During typical operation, a current pulse is initiated in plasma that is injected with 
three Marshall guns [5] in the coaxial spaces between the electrodes. A gas-puff valve recessed 
inside the center conductor is used to add dopants such as Ne or Ar. A general schematic of the 
Hawk Marx bank and the load chamber is given in Fig 1.  

 
Fig. 1 An illustration of the Hawk Marx bank and the load chamber. Three Marshall guns are used to inject 
deuterium plasma. The Marshall guns are approximately 1 cm upstream from the end of the center 
conductor. The center gas-puff valve is used to add additional gaseous dopants. 

A visible spectrometer was used as a diagnostic to test whether sufficient dopant makes it 
into the chamber. A convex crystal spectrometer is the primary diagnostic mounted on the Hawk 
chamber for recording time-integrated spatially-resolved spectra. The spectrometer was tested with 
both KAP and mica crystals. A general setup and mechanism of action of the spectrometer is 
illustrated in Fig 2.  
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Fig. 2 The convex crystal spectrometer and its mounting location on the Hawk chamber.  

 

The crystal spectrometer diffracts x-ray spectral lines according to Bragg’s Law.  

 𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑑𝑑 (4) 

In equation (4), n is the order of diffraction, λ is the wavelength of the diffracted light, θ is the 
Bragg angle, and d is the interplanar lattice spacing of the crystal. The maximum wavelength that 
can be diffracted by the spectrometer is approximately equal to twice the interplanar lattice 
spacing. For polarization spectroscopy, a crystal should be selected which yields a nominal Bragg 
angle as close to 45o as possible for the selected lines of interest. The reflectivity of most crystals 
varies roughly as cos2(θ), therefore at 45o a spectrometer can be tuned to selectively pick up only 
one component of the electric field vector intensities. Two x-ray pinhole cameras are placed 1 cm 
upstream of the end of the center conductor and are used to image the resulting plasma.  
 
2.3 Results 

The details of the theoretical efforts are summarized first. The non-local thermodynamic 
equilibrium (non-LTE) codes SUNR [6], PrismSPECT, and Drachma-II [7] were used to calculate 
the wavelengths of several transitions of interest, as well as to produce synthetic spectra of these 
transitions. Figure 3 shows a sample synthetic spectrum produced using the aforementioned codes 
as well as the calculated ionization balance from each code. Each spectrum was simulated using 
an electron temperature Te = 1500 eV and an electron density ne = 1x1019cm-3. The most intense 
He-like and H-like lines are labeled. Table I lists the ion lines, their transitions, and respective 
wavelengths.   
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Table 1 – Theoretical values of wavelengths (λ in Å) of select He-like and H-like lines of Ar.  

Ion Line Transition λ[Å] 
SCRAM 

λ[Å] 
PrismSPECT 

λ[Å] 
Drachma-II 

He α-IC 1s2p 3P1  1s2 1S0 3.971 3.969 3.970 
He α 1s2p 1P1  1s2 1S0 3.950 3.949 3.949 
Ly α2 2p 2P1/2  1s 2S1/2 3.736 3.737 3.736 
Ly α1 2p 2P3/2  1s 2S1/2 3.731 3.731 3.731 
He β 1s3p 1P1  1s2 1S0 3.367 3.366 3.367 

 
 

 
Fig. 3 Synthetic spectra (left image) of K-shell Ar radiation produced using several non-LTE codes. The 
calculated ionization balance (right image) from each code is also shown.  

The most intense He-like lines correspond to the He-α, He-α IC, and He-β transitions. The 
most intense H-like lines correspond to the Ly-α1 and Ly-α2 lines, commonly referred to as the 
Ly-α doublet. Several criteria should be considered when selecting line candidates for polarization 
spectroscopy. First, the lines should have sufficiently high intensity such that they can be picked 
up by the spectroscopic diagnostic. Moreover, depending on the resolving power of available 
crystals, the lines should be somewhat spaced from each other. The results shown in Fig. 3 indicate 
that in terms of relative spacing and intensity, the He-α, He-α IC, and He-β may be useful 
candidates. In order to use the Ly-α doublet, one would need a spectrometer with a crystal that 
provides very high resolution. However, in the following discussion, the usefulness of these two 
lines will be highlighted, despite their minimal spacing.  
 The next step in determining the suitability of the aforementioned lines for PPS is to 
perform calculations to determine their degree of polarization. The polarization module of FAC 
was used for this task. In this module, the configurations of interest were explicitly chosen to 
produce the lines of interest mentioned above. The module then calculates the degree of 
polarization of the x-ray emission lines due to collisional excitation with electrons in a Gaussian 
EDF. This is an idealized scenario since the fraction of non-thermal electrons in this case is 
considered to be 100%. Figure 4 illustrates the values of the degree of polarization. The 
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polarization was calculated for several electron impact energies ranging from near threshold 
energy (around 3 keV) up to 50 keV.  
 

 
Fig. 4 Values of the degree of polarization of select He-like and H-like lines of argon. The polarization is 
a function of the electron beam energy and varies between roughly 3 keV to 50 keV.  

It is important to mention first that the polarization of the Ly-α2 line is always zero. This is an 
intrinsic property of this line, and is due to the fact that the total angular momentum of this line is 
j = ½. The possible magnetic sublevels are therefore mj = -½ and ½. Since there is no possible way 
to preferentially populate a sublevel, the polarization will always be zero. This indicates that the 
Ly-α doublet is an ideal candidate for PPS since one of the two lines is intrinsically unpolarized. 
If the resolving power of a spectrometer is not high enough, there are other possible combinations 
of lines that may be used. Although the polarization of no other line is zero, nor does any other 
candidate have a degree of polarization that remains relatively flat as a function of the electron 
impact energy, several useful facts are observed. In particular, the degree of polarization of the 
He-α and He-β lines is positive at low electron impact energies, and tends to zero with increasing 
impact energy. On the other hand, the He-α IC line is negatively polarized at lower electron beam 
energies, tends to increase quite quickly until roughly 15 keV, and proceeds to level off and 
approach zero like the other lines. This is a useful feature to diagnose the electron beam energy. If 
one measures, for example, the polarization of the He-α and He-α IC lines, one can infer that the 
electron beam energy is relatively low if the two degrees of polarization differ greatly, or the 
electron beam energy is quite high if both lines have a comparable degree of polarization. A similar 
argument may be made if one chooses to use the He-β and He-α IC lines.  
 The calculations presented thus far are for an idealized case where the degree of 
polarization is maximized due to an EDF consisting solely of non-thermal electrons. In a DPF, 
however, the EDF will largely consist of thermal (Maxwellian) electrons with a small tail of non-
Maxwellian electrons. In Figs. 5, 6 and 7, a set of results from a new magnetic sublevel kinetics 
code are presented. All results are catered to represent data for the most accessible line candidates, 
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namely the He-like transitions discussed above. All spectra presented in these figures were 
broadened with a Voigt profile. In Fig. 5, a set of simulations were run for He-like argon ions 
where the fraction of fast electrons was varied from 0% to 100%. The EDF of the fast electrons is 
set as a Gaussian. The synthetic spectra are all normalized to unity. The electron temperature was 
set to Te = 750 eV, the electron density was set to ne = 1x1019cm-3, and the fast electrons were 
centered at an energy of 5 keV with a full width at half maximum of 50 eV.  

 
Fig. 5 Synthetic spectra produced using the new magnetic sublevel kinetics code. The fraction of hot 
electrons is varied from 0% to 100%. The electron temperature for each simulation as Te = 750 eV and the 
electron density was ne = 1x1019cm-3. The EDF is Gaussian and centered at an energy of 5 keV with a full 
width at half maximum of 50 eV.  
As the fraction of fast electrons is increased, the intensity of the He-α IC line decreases and the 
intensities of the He-β and He-β IC line increases. Thus the relative intensities of these lines can 
be used as a diagnostic for estimating the percentage of non-thermal electrons in plasmas. In Fig. 
6, the intensity of the lines as a function of the electron energy is illustrated. In this case, the 
fraction of fast electrons was set to 100% and the center of the Gaussian function was varied 
between 4 keV and 15 keV.  
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Fig. 6 Synthetic spectra produced using the new magnetic sublevel kinetics code. The fraction of fast 
electrons is kept at 100% and the center of the Gaussian EDF is varied between 4 – 15 keV.  

In a fashion similar to the results observed in Fig. 5, the He-α IC, He-β IC, and He-β lines all show 
sensitivity to a variation in the energy. This supports the notion that they can be used as a diagnostic 
for inferring the energy of an electron beam. Finally, in Fig. 7, calculations of the degree of 
polarization of the lines mentioned above are presented. These populations are calculated using 
the magnetic sublevel populations in accordance with Eq. (3). The fraction of fast electrons is kept 
at 100% for comparison purposes. Overall, there is an excellent match between the results 
produced using the new code, and those produced using the polarization module of FAC.  
 

 
Fig. 7 Calculations of the degree of polarization of several He-like lines produced using the new magnetic 
sublevel kinetics code.  
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In Fig. 8, data from an MHD simulation using the Athena code is presented. This simulation used 
argon as a dopant in the center gas puff conductor and deuterium in the Marshall guns. The 
simulation was performed to get an estimate of the overall plasma temperature and mass density.  
 
 

 
Fig. 8 Simulations of the plasma temperature (top half of figure at each time step) and mass density 
(bottom half) of an Ar doped deuterium shot on Hawk using the MHD code Athena. The scale has been 
enlarged for visual purposes.  
Based on these calculations, it is estimated that after the deuterium plasma compresses the neutral 
argon injected by the gas puff, the highest plasma temperature achieved is on the order of 2 keV. 
Although this single-temperature estimate represents the total temperature of the whole volume of 
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plasma, it is reasonable to expect that the plasma electron temperature reaches sufficiently high 
values to produce K-shell Ar radiation.  
 The details of the experimental efforts are summarized next. First, a test was done to ensure 
that argon dopant was successfully injected into the chamber. Figure 9 shows a visible spectrum 
collected under two different conditions. In the left graph, the Marshall guns used to inject 
deuterium plasma into the chamber and the center conductor gas puff is triggered to also inject 
neutral gas, however the Marx bank is not fired. In the right graph, the same criteria are met, 
however now the Marx bank is discharged, and the two graphs are overlaid for comparison.  
 

 

Fig. 9 Visible spectroscopy of experiments on Hawk using the Marshall guns and center gas puff conductor. 
Argon is added as a dopant via the gas puff and deuterium is injected into the chamber via the Marshal 
guns. 

Line identification indicates the presence of singly ionized (Cl-like) argon ions as well as neutral 
carbon ions which are an impurity present within the chamber. Moreover, when examining the 
experiment where the Marx bank is not discharged, the deuterium Dβ line is observed. However, 
this signature disappears when the Hawk Marx bank is discharged. The neutral carbon signatures 
remain as well as very minimal amounts of the singly ionized argon atoms. In Fig. 10, a time-
integrated pinhole camera image and the current and voltage traces are shown from Hawk shot 
5044. The image in Fig. 10 shows x-rays from the plasma pinch as well as tungsten (W) radiation 
from the gas puff hardware and electrodes. The pinch is the main source of radiation from which 
the expected K-shell argon lines would be emitted and recorded by an x-ray crystal spectrometer.  
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Fig. 10 Time-integrated x-ray pinhole camera image and current and voltage signals from Hawk shot 
5044.  

Several attempts were made to collect spectroscopic data using a convex crystal spectrometer with a KAP 
(2d = 26.632 Å) and Mica crystal (2d = 19.84 Å) with light sensitive film. Attempts were made using both 
argon and neon in the center gas puff conductor. Due to a high number of scattered hard x-rays, the initial 
attempts resulted in totally over-exposed films. The spectrometer was then wrapped in a layer of lead to 
provide shielding from the scattered hard x-rays. Subsequent experiments produced films with normal 
exposure, but no spectral lines were observed on the films. To troubleshoot the spectrometer, testing and 
optimization began off-line using an x-ray pulser. However, due to the Covid-19 pandemic, completion of 
the optimization and additional shots to collect spectroscopic data were indefinitely delayed.   

 
 
2.4 Conclusions 

Research was performed to investigate the generation physics of high-energy electron beams 
in high-energy-density plasmas. The research consisted of theoretical and experimental 
components.  

Theoretical calculations were performed using the flexible atomic code (FAC) as well as 
several non-local thermodynamic (non-LTE) equilibrium kinetic models to identify line emission 
candidates for spectropolarimetry studies. Additional theoretical calculations were performed 
using the polarization module of FAC with a Gaussian electron distribution function to calculate 
the maximum degree of polarization of the suitable line candidates. These calculations showed 
that several He-like lines were suitable candidates, including the He-α, He-α IC, and He-β lines. 
Useful trends in the degree of polarization of these lines as a function of electron impact energy 
were observed. In particular, the intercombination lines have negative degrees of polarization at 
lower electron impact energies whereas the He-α and He-β lines have positive degrees of 
polarization at lower electron impact energies. This is a useful diagnostic for determining the 
electron beam energy in plasma.  

A magnetic sublevel kinetics code was developed which can serve to calculate the degree of 
polarization and produce polarization sensitive spectra. The code is able to handle both a 
Maxwellian and Gaussian electron distribution function simultaneously. This is particularly useful 
since most HED plasmas consists largely of thermal electrons, with a small tail of fast electrons. 
Several synthetic spectra were generated and presented to examine the sensitivity of the lines to 
the fraction of fast electrons and the center energy of the Gaussian distribution function.  
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 Radiative cooling rates for K-shell argon ions were calculated by the finite volume MHD 
code Athena and used to produce an estimate of the plasma electron temperature and mass density 
of a Hawk shot doped with argon gas. The single temperature of the plasma was estimated to reach 
up to 2 keV, which should be sufficient to ionize K-shell argon ions. Based on this fact, 
experiments were carried out on the Hawk pulsed-power generator with deuterium in the Marshall 
guns and argon in the center gas-puff valve. A pinhole camera was used to image the pinch, and 
an x-ray crystal spectrometer was used to attempt to collect time-integrate, spatially-resolved 
spectra. Due to background noise from hard x-ray radiation coming off of the chamber hardware, 
the initial shots resulted in overexposed film. The spectrometer was wrapped in lead shielding to 
reduce background noise, and subsequent shots produced film with normal exposure amounts, but 
no x-ray emission lines. The spectrometer was then removed from the chamber for off-line testing 
using an x-ray pulser. Due to the Covid-19 pandemic, further optimization of the spectrometer and 
additional shots on Hawk were indefinitely delayed. Additional experiments in the future would 
be beneficial in order to measure the electron temperature of a shot on Hawk with argon or neon 
in the center gas puff. Based on those results and the intensity and availability of K-shell spectral 
lines, a spectropolarimeter can be developed to provide further insight into the energy of the 
electron beam produced by a dense plasma focus.   
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