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Introduction

High explosive pulsed power (HEPP)' systems are capable of accessing very
high energy densities and can reach conditions that are not possible with capacitor
bank systems. The Procyon2 system was developed and used for experiments over
a period of six years, and is exemplary of the capabilities of HEPP systems for state-
of-the-art research . In this paper we will summarize some of the more interesting
aspects of the work done in the past but will suggest ideas toward applications for
future research . One of the main, unique features of HEPP systems is that they
integrate easily to a pa rt icular physics experiment and the power flow can be
optimized for a specific test.

Magnetic flux compression generators have been an ideal power source for
both high current plasma physics and hydrodynamic experimental loads . These
experiments have contributed greatly to the understanding of high temperature and
density plasmas and more recently to the understanding of instability growth in thick
(-1 mm) imploding metal cylinders . Common to all these experiments3'4 is the
application of a large current pulse to a cylindrically symmetric load . The resulting
Lorenz force compresses the load to produce hydrodynamic motion and/or high
temperature, high density plasma . In the plasma physics experiments, plasma
thermalizes on axis and a black body distribution of x rays is produced . To get better
access to the radiation pulse, the load electrode geometry was modified. For
example , by shaping the plasma implosion glide planes , a mass depletion region
was formed along one electrode at pinch time which generated a ve ry large voltage
drop across a 1-2 mm segment of the pinch, and also produced a high energy ion
beam on axis . These results were predicted by magneto-hydro-dynamic (MHD)
codes and verified with framing camera and x-ray, pinhole, camera pictures . We
have not previously published these features but will take another look and propose
possible scenarios for studying and generating high intensity ion beams. The
conditions generated in the implosion load region may be ideal for generating K and
L-shell radiation via ion-atom collisions . In recent years, and in a previous
conference, the simulation community has shown interest for Ar K-shell radiation and
other soft x-ray sources. We will speculate on ways to use this system to generate a
high fluence pulse of Ar K-shell radiation , and also to use the high intensity ion beam
to study the mechanisms involved in the ion-atom collisions process . These
processes can be used to enhance x-ray radiation from a variety of elements .

Review of Procyon data and New Thoughts

Several plasma experiments for the generation of a high fluence of soft x rays,
were done using the Procyon source . The Procyon generator produces up to 18 MJ
of energy , and from an initial current of 460 kA, supplies 22 MA of current to the 73
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nH load. The operation of Procyon system can be seen in reference 2 and it
explains the location of the generator, opening and closing switches, and the load
region. The current for a particular experiment is a function of the charge voltage and
load inductance .

In order to properly diagnose these experiments, a large number of
diagnostics are necessary . These include: x-ray bolometers and photo diodes; x-ray
crystal spectrometers ; visible light framing cameras and spectrometers ; and x-ray
pinhole cameras . In addition, we have all the standard electrical diagnostics along
with Faraday rotation systems for current and voltage measurements . Also, high-
speed visible light framing cameras (Imacons) were used to observe the time
sequence of the plasma compression . Due to the destructive nature of these
experiments, the visible light images were transferred via several mirrors from the
experiment to a location where the cameras were protected . The x-ray spectroscopic
and imaging data were more difficult to obtain and required that the instruments be
directly coupled to the experiment and recovered afterwards .

The aim was to get a MJ or more of soft x rays . We did three successfu l
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Figure I Three x-ray, pinhole,
camera images . PDD-2 image was
blocked by cooler material . The
PRF-O image shows the formation
of the pinch and the upper
electrode .
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Figure 3 The top figure shows the
electrode geometry and density
contours from an MHD code. At
the bottom is an x-ray image
showing the pinch and formation
of an ion beam .
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Figure 2 Two foil implosions taken with visible light
cameras. Inter-frame time was 167ns . The image on the left
was a standard cylindrical foil implosion . A "cleaner"
pinch was observed for the experiment with modified load
electrodes as shown on the right . The upper electrode is
seen at pinch time .

experiments with Procyon configured in the direct
drive mode. The experiments are labeled as PDD-
1, PDD-2 and PRF-0. These experiments gave a
total radiation output of 1 .7, .65, .60 MJs
respectively . The experiment PDD-1 gave us a
maximum fluence of 1 .7 MJ of x rays but only at a
temperature of 60 ev . PDD-2 had the highest
temperature from a region where an instability
imploded cleanly (as seen in the figure), but part of
the pinch was blocked by cooler plasma as can be
seen in fig 1 . The fluence and temperature were
determined from both filtered bolometers and
photodiode arrays and were in agreement within



10% . Fitting the data to a Plankian provided the tem erature, which was also
confirmed by a high resolution x-ray c rystal spectrometer The x-ray images in fig 1
show the quality and size of the pinch and from which the dimensions of the radiating
source were determined . These dimensions, approximately 1 cm in diameter, are
necessa ry for the correct calculation of the temperature .

The experiment , PRF-0 had a modified electrode geomet ry in an attempt to
generate an ion beam on axis . The modified electrode , a sphe rical su rface, a
"lump", on the upper electrode can be seen in figures 1, 2 and 3 . Figure 3, on top,
shows the geometry that was used for computer calculations . Fig 2 shows a visible
light framing camera sequence of two implosions of 4000 nm thick aluminum foils .
The comparison suggests a "cleaner" implosion at maximum compression for the
PRF-0 experiment as shown on the right side of the figure . At pinch time the
electrode geometry is clearly seen in the figure . In both experiments, initial foil
wrinkles are obse rved , and these fade during the compression . In both experiments,
a set of ho rizontal , bright , bands appear azimuthally around the cylindrical foil and
grow into large instabilities as the implosion progresses . These instabilities vi rtually
disappear or form a large "bubble " in the PRF-0 experiment at pinch time . An MHD
code was used to predict the dynamics and geomet ry for this region . The computer
generated density contours are given in the top image of fig 3 which shows the sta rt
of the ion beam on axis and mass depletion from the gap region . The figure, and the
calculations, suggests that some of the mass in the electrode gap contributes to the
ion beam . In the bottom image, which is a time integrated image over the time pe riod
of the pinch , we see the actual ion beam on axis which is pa rtially blocked by a piece
of the load electrode. In this image , the ion beam passes through a hole at th e
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Figure 4 Molecular orbital diagram

for Ar+-+Ar collision . As the atoms
approach , the energy levels will shift
and when they cross, electrons can be
promoted to higher levels or out of the
atom

bottom electrode and hits a tantalum plate . In
the PRF -0 experiment the current in the system,
at pinch time, was 13 MA and a significant
fraction of that becomes pa rt of the ion beam .
Only one experiment was done , and the actual
ion beam current is not known . Estimates from
the electrical data suggest that high voltages
(1 .1-1 .3 MV) were generated in the 1-2 mm
electrode gap , and because of that, it may be
possible to accelerate ions up to these voltages .

The conditions in the load area are such
as to encourage some new thought . The original
purpose of the Procyon experiments was to
generate a high fluence of soft x rays for
simulation purposes . We will put forward some
ideas that can, at least in some situations,
increase the x-ray production cross -section .
The fact that a high current ion bean can be
generated , along with some ideas borrowed
from accelerator based atomic physics , can lead
to a large increase in the x-ray fluence . The

main reason for this is due to a change in the fluorescence yield generated by a
decrease in the number of electrons in the outer shells . The K and L-shell vacancy
production in many electron atoms is complex but can be explained, somewhat, with
electron promotion via molecular orbitals '''8'9 . In the Procyon style of experiments,
the energy of the colliding atoms in the load region can be from a few hundred KeV



to somewhere around a MeV. These ion energies are in a region where the inner-
shell ionizations are due to adiabatic collisions . In this case , the dominant mode of
inner shell vacancy production is mainly due to electron promotion via the molecular
orbitals . In this process an electron in an inner shell is forced to go to a higher level
by an interaction between transient molecular orbitals . In fig 4 we show a correlation
diagram for Ar+-►Ar at various internuclear distances . Also, this diagram is
qualitatively correct for other symmetric collisions between other "heavy" atoms .
During a collision, as the atoms approach and form a quasi -molecule , the levels
readjust according to the Pauli principle . In the Ar+->Ar collision case, in the figure on
the right , are shown the energy levels of Ar (the separated atoms , SA) and on the left
are shown Kr (twice the atomic number of Ar or the united atoms , UA) . As the atoms
collide and then separate , many levels cross as can be seen . At these crossings,
electrons or vacancies will be promoted to other levels and sometimes out of the
atom. This process works for generating K, L, and M shell vacancies . In general, the
fluorescence yield, which is the ratio of transitions that produce x rays to the total
number of possible transitions , is small and most of the transitions yield Auger
electrons instead of x rays . However if the collision pa rtners and ion energies are
selected carefully , it is possible to promote electrons from the M-shell . This will
reduce the number of electrons in the atom that can go into Auger transitions and the
fluorescence yield and therefore the K-shell x -ray production cross-section10,11 can
drastically increase . Experiments that substantiate the changes in fluorecence yields
in K and L-shells have been done on accelerator based atom -ion collision
experiments . These experiments were done with ion energies in the range of
200KeV - 1 . 5 MeV on a Van Degra ff accelerator , but at currents less than a micro-
ampere. In principle , the physics in accelerator based low current and the Procyon
high current experiments should be the same, but this requires testing .

Conclusions

We have shown that complex experiments can be carried out successfully in
the environment of high explosives . We have also done one experiment where broad
modifications were needed and the power source was easily integrated to the
experiment and successfully generated an ion beam . This can lead to new research
areas. If funding becomes available , we plan to make additional modifications to the
load area and improve ion beam generation . These can lead to high fluence, pulsed
x-ray sources where the x-ray spectrum can be selected by choosing the collision
partners. Also, it will provide a tool for the study of atom-ion collisions in very high ion
current environment .
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