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Introduction 

Pulse power experiments' of the last several decades have contributed greatly to our 
understanding of high temperature and high density plasmas and, more recently, to the study of 
hydrodynamic effects in thick imploding cylinders. Common to all these experiments is the application of a 
large current pulse to a cylindrically symmetric load, with the resulting Lorenz force compressing the load 
to produce hydrodynamic motion and/or high temperature, high density plasma. In Los Alamos, pulsed 
power experiments are carried out at two facilities. Experiments at low current (from several million to ten 
million Amperes) are conducted on the Pegasus II capacitor bank. Experiments with higher currents (10's 
toloo's MA range) are performed in Ancho Canyon with the explosively driven Procyon and MAGO 
magnetic flux compression generator systems. 

Diagnosing experiments in the harsh environments of pulsed power experiments has always been 
a difficult task, but the results have been rewarding. Visual imaging, even with its diagnostic complications, 
has led to an understanding of the initiation and growth of plasma instabilities. Numerical modeling based 
on the observation of time sequences of visible light images from the Procyon experiments resulted in the 
successful prediction of the growth of the magneto hydrodynamic instabilities. In addition, the visible light 
images have provided experimenters with an intuition about implosion dynamics, leading to modifications 
of the experimental load design and to improved performance. In particular, the goal of generating a high 
fluence and high temperature plasma source was successfully accomplished in our last series of radiation 
experiments with a fluence of more than 1.5 MJ of x-ray radiation at 60 eV as a result of modifications 
based on data from visual imaging of previous experiments. 

In the area of solid liner experiments, visual images provide extremely interesting information 
about current flow, implosion dynamics and material blow-off from the outer surface of the liner. Time 
resolved visible images of liner compression in a series of recent Los Alamos experiments show dramatic 
effects of different initial conditions that are not easily explained by current theories. These results have 
provided insight for future experimental designs and are influencing our concepts of the hydrodynamics at 
high temperatures and pressures. In addition to visual images of the outer surface, x-ray radiography show 
that the interior of a cylindrical liner moves differently than the outside surface. Since a correct physical 
model of liner compression must describe the dynamics of both surfaces, we are presently developing a 
time resolved x-ray imaging system that will correlate in time with the visible images. 

A complete understanding of plamsa conditions can not be based on imaging alone. Historically 
spectroscopy has been a tool for interpreting the conditions of a high temperature and density plasma. 
Thus, in many recent experiments, we have included spectrographic systems to probe the visible and x-ray 
spectral ranges. Both MAGO and Procyon experiments have benefited from spectral results. On MAGO 
experiments, for example, time resolved spectrum has shown initiation and evolution of contaminants in 
the plasma, as well as changes in spectral line shapes which reflect temperature and electron density in 
the plasma. The knowledge of initial plasma conditions is important for imploding the MAGO plasma for a 
fusion source. 

In this paper, we present a survey of diagnostic capabilities and results from several sets of 
experiments. First, we will discuss the initiation and growth of instabilities in plasmas generated from the 
implosion of hollow z-pinches in the Pegasus and Procyon experiments. Next we will discuss 
spectroscopic data from the plasmas produced by the MAGO system. We will also show time resolved 
imaging data from thick (-.4mm) liner implosions. Finally we will discuss improvements to x-ray and 
visible light imaging and spectrographic diagnostic techniques. The emphasis of this paper is not so much 
a detailed discussion of the experiments, but a presentation of imaging and spectroscopic results and the 
implications of these observations to our experiments. 
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Experiments and Data 

Two systems developed at the Los Alamos National Labordory to supply the current to imploding 
load are the Pegasus II capacitor bank and the explosive flux compression generator of the Procyon 
system . The Procyon generator produces up to 18 MJ of energy, and from an initial current of 460 kA, 
supplies 22 MA of current to s 73 nH imploding load. The Pegasus II capacitor bank3 is another excellent 
system for studying implosion physics. It is a 4.5 MJ system which supplies to up 10 MA into the implosion 
load. An additional pulsed power system used in the MAGO experiments contains generators and vacuum 
hardw2re designed and fabricated at Arzamas 16. The characteristics of the MAGO system are given in a 
paper at this conference. 

In these experiments, our imaging data were collected with high-speed visible light framing 
cameras (Imacons) . Due to the nature of the experiments, the images were transferred via several 
mirrors from the experiment to a location where the cameras were protected. The time resolved 
spectroscopic data in the 3000 to 7000 A range was obtained by transferring the light signals through 60 
meters of fused silica fiber to the spectrographs. The spectrum was then recorded with an electronic 
streak camera. The x-ray spectroscopic data was more difficult to obtain and required either that the 
instruments be directly coupled to the experiment or that the x-ray radiation be converted to visible light 
and transferred to a streak camera via optical fibers. 

Pegasus and Procyon Plasma Experiments 

The sequence of images in Figs. 1-5 from Pegasus and Procyon plasma experiments provide key 
information for computer simulation of instability growth in the imploding plasma. The images in these 
figures have an inter-frame time of 167 ns and an exposure time of 32 ns. Computer enhancement was 
used to study the details of the imploding plasma. 

Fig. 1 shows radial views from the visible light framing camera of foil implosions from 4.9 mg and 
13 mg loads on two Pegasus experiments. In these images, we observe the chronology of the implosion, 
initiation and growth of plasma instability, and the shapes of instabilities at the time of x-ray production. 
The differences in the two sets of images are due to the mass difference of the foils. During early times, 

Figure 1 A sequence of images from 4.9mg (left) 
and 13mg (right) foil implosions. The time at which x 
rays are produced is labeled. The times given on 
the right hand side are in microseconds. 

the edge of the initial plasma shows a series of 
short wavelength modes that seem to run 
azimuthally around the cylindrical plasma. As the 
implosion continues, longer wavelength modes 
appear, and near the time of the x-ray radiation 
pulse, very large wavelength and amplitude 
instabilities become obvious. The instabilities grow 
into "bubbles" in the plasma and burst through the 
plasma, collapsing material on axis. At this time, x- 
rays are produced. The time at which the bubble 
bursts appears to be determined by the amplitude 
of the initial perturbation. It becomes evident from 
the observation of many images that experiments 
that generate one large instability give a shorter and 
more prompt radiation pulse than one that 
generates several large amplitude instabilities. 

Figs. 2 shows comparisons of actual data 
and 20 computer simulations by Darrel Peterson5 
of Los Alamos. The features on the surface that are 
reproduced by the calculations are the amplitudes 
and the wavelength modes that dominate the 
imdosion. The computer model requires an initial 

perturbation of amplitude 6, whose value is chosen such that the calcuiated final radiation pulse is in 
agreement with experimental radiation pulse. In Fig. 2, density contours from the calculations are 
compared with framing camera pictures at four different times during the implosion. The sequence starts 
with the appearance of long Wavelength modes, and then as seen in b and c, the wavelength becomes 
comparable to the thickness of the plasma, and in d the bubble has formed and is ready to burst through 
the plasma. 
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Figure 2 Comparison of data from the 4.9mg foil 
implosion with numerical simulations. The 
isodensity contours from simulations agree well 
with the data. 

A comparison of simulations and 
experimental data from a more massive 13 mg load 
is shown in Fig. 3. Data in this figure reveal that the 
behavior of this load is very similar to that of the 4.9 
mg load shown in Fig. 1. Initially short wave length 
perturbations appear on the edge of the foil and 
evolve into long wavelength modes. In this case, 
the calculations correctly predict the evolution and 
the growth of instabilities, providing confidence in 
computer modeling and resulting future 
experimental modifications. 

Fig. 4 shows images of foil implosions from 
two higher current (>12 MA) experiments that used 
the Procyon power source. The initiation and 
growth of instabilities are similar although 
somewhat faster in these experiments than in the 
lower current Pegasus experiments. The bright 
bands that appear and circle the foil azimuthally are 
the initial perturbations that grow into the large 
plasma instabilities. The large wrinkles in the foil 
itself appear to have no effect on the instability 
growth. These wrinkles are annihilated by the 
generation of large plasma bubbles which penetrate 
through the plasma, collapse and thermalize 
material on the axis, and generate x rays. The 
second set of images in Fig. 4 are from a similar 
experiment in which the electrodes were 
reconfigured to force the pinch to be on axis and to 
eliminate excess plasma in the implosion region. 
These modification seemed to have altered the 
instability growth and resulted in a “clean” 
stagnation on axis as seen in the second frame 
from the bottom. In this experiment, modifications 
were made to the top and bottom glide plane 
electrodes to force the location of the pinch to be on 
axis. The large hole at the downstream electrode 
helped direct and “clean” out the implosion region. 
As a result, the region that was full of plasma in 
earlier experiments appears in this experiment as a 
clean, narrow pinch on axis. It is possible that with 
the modified geometry, one large instability 
dominated the imDlosion at Dinch time. 

Figure 3 Comparison of simulations and data from 
the 13mg foil implosion. Again, data and the 
calculated amplitude of the instabilities are in very 
good agreement. The dark features are mechanical 
support structure in the load region for the return 
current. The timing sequence is the same as shown 
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Figure 4 Comparison of two Procyon experiments 
at corresponding times. Interframe time is 167ns 
The sequence on the right is from an experiment 
with modified electrodes. A “clean pinch is 
observed on axis. 

Figure 5 Two sets of soft x-ray and visible images. 
The top picture is generated from x rays in the 
plasma. The bottom pictures are taken with a 
visible camera at the same time. X rays are 
produced from the same areas as visible light. 

The question often’ arise concerning the region of the imploding plasma where the x-rays are 
created. Information about this region can be obtained from the visible framing camera images and 
aluminum filtered x-ray images shown in Fig. 5. These images were taken at almost identical times and 



through adjacent experimental port windows. They show distinctly that soft x-rays were produced from the 
same region of the plasma that produced visible light. We conclude that since aluminum filters will transmit 
the AI La x- rays, the images of the soft x rays are mainly 
due to characteristic aluminum transitions. From other 
data, we observe that high energy x-rays with energies 
greater than 300 eV are emitted from small spots at the 
center of the implosion. These spots are probably 
regions along the axis where the instabilities collapsed 
and caused material to thermalize. 

In one of our Procyon experiments, the plasma 
was studied with a curved KAP crystal x-ray 
spectrograph that covered the range from 800 eV to 0.5 
KeV. The spectral data were time integrated and 
recorded on film. The film was digitized and corrections 
were made for film and filter response. This recently 
analyzed result is shown in Fig. 6 along with the 97 eV 
black body radiation curve. The data also shows the K, 
and KP lines of aluminum and weak lines from other 
con tam in ants. 

Heavy Liner experiments 

' f  
Recently, the emphasis of our program has changed from 

plasma physics to the study of hydrodynamics and instability growth in 
thick aluminurn liners. In Fig. 7, we present some very recent data from 
two experiments involving 0.4 mm thick aluminum cylinders. The 
sequence of images in Fig. 7 shows the compression of the metal 
cylinders due to different values of current. The initial diameter of the 
cylinders as seen in the early images is 4.8 cm and it is easy to scale the 
progress of the compression from the images. Calculated radii versus 
time plots for these experiments are shown elsewhere6 in these 
proceedings. An experiment done at low current is shown on the left. In 
this case, the change of radius almost follows theoretical calculations. 
Compression in the higher current experiment on the right, however, 
deviates significantly from calculations. X-ray radiographs taken of the 
implosions suggest that a different phenomenon is taking place in the 
high current experiment. The outer surface "blowoff" that is seen on the 
figure on the right suggests anomalous current flow and heating of the 
cylinder. Experiments done at even higher currents suggest that at even 
greater currents, on Procyon, the outer surface becomes extremely 
unstable, and a significant amount Of material iS blown Off and left Figure 7 Experiments done 
behind. Although we are not able to simulate these observations at this with bo identical liners. L~~ 
time, our diagnostic results have confirmed that a Complete current (left); High current 
understanding of the physics of heavy liners under high currents requires (right). 
the knowledge of the physical mechanisms of both the inner and outer 
surfaces of the liner. 
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MAGO Experiments 

The MAGO plasma experiment also requires extensive spectral diagnostics. The goal of the 
MAGO experiments in the formation of a plasma that can ultimately be compressed to generate a fusion 
source. A number of experiments designed to study these plasmas have been done in Russia and in the 
U.S. The MAGO experimental chamber where the plasma is generated consists of two regions separated 
by a cylindrical nozzle. A central electrode that looks like a door knob separates the two parts of the 
chamber, and the space between the outer wall and the central electrode forms the nozzle. The chamber 
is filled with a low pressure gas of either deuterium or a mixture of deuterium and tritium. Power for the 
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Figure 8 X-ray streak spectrum 
from a MAGO exDeriment. The x- 

Figure 10 Visible spectrum taken in chamber one of the 
MAGO experiment. The wavelength is given in Angstroms. 
The timing marks on the bottom are 100 ns apart. Early 
appearance of the H, line is seen. Splitting of the H, line is 
seen and it varies in time. The H, line is at 4862; Ha 6563. 

ray signals were converted to system is provided by an explosively driven helical flux 
visible light and transmitted Over compression generator. Explosively operated opening and closing 
fibers. The effect of the fibers can switches provide the required pulse shaping. Plasma is generated 
be seen. 

Figure 9 Digitized data from x-ray 
streak spectrograph Corrections for 
film, and crystal sensitivity were 
made. Comparison with a 55 eV 
blackbody is shown. 

in the smaller region (chamber one) and forced through the nozzle 
to collapse in the other larger region (chamber two). During this 
process, the plasma is compressed and heated, producing x-rays 
and neutrons. Details of the geometry and the experimental 
procedures are presented in a paper by 1. R. Lindemuth7 

Since the properties of the MAGO plasmas are not 
understood, we fielded several diagnostics including time resolved 
and time integrated visible light and x-ray spectrographs and an 
optical multichannel analyzer (OMA) to several of the more recent 
MAGO experiments. The aim was to determine the elemental 
composition and the time evolution of contaminants in the plasma, 
and the plasma temperature and density. Fig.8 shows a time 
resolved x-ray spectrum from chamber two where the implosion 
takes place. This spectrum was acquired with a convex curved 
KAP crystal spectrograph which was isolated from the plasma 
source by a 7.5 micron thick beryllium window. X-rays were 
converted to visible light with a BC422 plastic scintillator, and the 
signals were transported to a streak camera over a coherent 
optical fiber array. The outDut was recorded on Kodak TMAX film. 

During data reduction, corrections were made for specGograph and film sensitivity and the beryllium filter 
response. Although signal levels were significantly lower than expected and special processing was 
necessary for the film, several surprising but interesting features were obtained. X-rays of approximately 
the same level were produced over a significantly long period (-10 msec) and at very low intensity for 
another 10 psec. Although computer simulations suggest the existence of the plasma for more than 40 
psec, due to the very low signal levels we were unable to confirm the actual duration of the plasma from 
the spectrograph data. An estimate of the temperature was also poor, but our measurement may suggest 
a lower bound. Fig 9 shows a comparison of the data to a blackbody distribution curve and hence a 
radiation temperature of 55 eV. 

The visible light spectrographs used on several MAGO experiments provide some understanding 
of the plasma conditions. On one experiment, time resolved spectroscopic data was collected from 
chamber one. In Fig. 10 we observe from this data an abrupt onset of the H, spectral line of hydrogen at 
4862 A and at a later time the appearance of contamination from the walls and electrodes. In order that 
we understand the physics of the implosion in chamber two, it is particularly important to know the timing of 
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Figure 11 Digitized data from image shows splitting 
of the H, line. Comparison is made with data and 
calculations from others' 

these events in chamber one and the 
composition of the initial plasma. It is this 
plasma that is forced through the nozzle at high 
velocity 'and collapses in chamber two where 
kinetic energy is converted to thermal energy. 
The data show that at early times, no wall 
contaminants are observed, while at later times 
aluminum, copper, and oxygen are clearly 
present. The aluminum and oxygen are from an 
aluminum oxide insulator that is part of the 
chamber one. 

The structure of the H, line can be used 
as an additional diagnostic for chamber one and 
perhaps for chamber two. We have observed 
that the H, spectral line in the MAGO 
experiments is broad (90 A) and split. The 
splitting could be due to the absorption of the 
central part of the line by cooler material 
between the detector and the plasma. However, 

if the line width is due to Doppler broadening, a dominant mechanism in hot plasmas, the temperature of 
the MAGO plasma would be impossibly high. Doppler broadening is Ah=h(7.17~10-~ 4 T/M) where h is in 
Angstroms, M is the atomic weight, and T is in degrees Kelvin. Shock heated plasmas, however, have H, 
line structures similar to those observed in this experiment. Fig 11 shows a comparison of our data with 
data from experiments' designed to study the H, line shape. In a dense plasmas, with temperatures in the 
range of 10 eV, the dominant broadening mechanism is Stark broadening and the line broadening in these 
cases are mostly due to effects of electron density and not temperature. Griemg"' and othersll have 
developed theories for pressure broadening of spectral lines based on electric fields due to ions and 
electrons in close proximity to the radiating atom. This is the situation in a shock heated plasma and we 
believe it occurs in chamber one of the MAGO experiments as well. Since a discussion of the theory of 
shock broadening is outside the scope of this paper, we refer the reader to Griem's discussion of this 
phenomenon. 

A difficult but very important parameters that we attempt to determine is plasma temperature. 
With the presence of line spectra, a reasonably accurate determination of temperature is possible. In the 
MAGO experiments, the temperature, as estimated from the ratio of the H, line intensity to the continuum, 
is about 1.5 eV in chamber one. Temperatures in chamber two are significantly higher but measurements 
there become more difficult. However, in one of the MAGO experiments, temperature estimates made 
from the continuum of the visible light spectrograph give a lower bound of about 30 eV. If several spectral 
lines could have been recorded, the spectral line intensity ratios would have lead to a more accurate 
measurement. Such ratios are particularly useful in hot plasmas where spectral lines from different charge 
states of particular atomic configurations are present. We wish to emphasize that since information about 
spectral line shapes and ratios contain virtually all the information about a plasma, several spectral 
diagnostics should always be used on these experiments. 

Diagnostic Development 

While we have shown very useful imaging and spectroscopic data for several experiments, we 
realize that the diagnostics are not always optimized for the details of particular experiments. We have 
performed several parameter surveys and have learned which details require the emphasis. In plasma 
experiments, for example, spectrographs alone can supply most of the information about a plasma. In the 
parameter regime of the experiments discussed here, x-ray spectroscopy is very important but can be 
complemented by visible light spectroscopy which, due to its simplicity, can provide a wealth of 
information. When it is possible to look at spectral line shapes and the ratios of spectral lines with other 
lines or the continuum, visible spectroscopy can provide detailed information about temperature and 
density. However, in cases where plasma temperature is very high, x-ray spectroscopy will provide the 
better explanations for plasma conditions. 

In implosion studies, visible light and x-ray imaging are both important. In particular, as the liner 
material in the implosion load remains massive and does not become a plasma, visual images provide 



information about the outer surface, while the x-ray radiography is necessary to examine the inner wall, 
which we have seen can behave in very different manner from the outer surface. 

In future experiments involving plasmas, we will use high resolution UV and visible light 
spectrographs to measure spectral line shapes and spectral line ratios. Sensitivity of x-ray spectrographs 
will by increased by orders of magnitude by the replacement of film and scintillator material detectors with 
an array of photodiodes12 perfected by George ldzoerex for use in pulse power environments. In order to 
capture several x-ray spectral ranges simultaneously, the x-ray spectrographs will also contain several 
crystals in the same housing 

For thick liner implosions, we are developing new x-ray imaging techniques that use CCD arrays 
directly with x-ray photons. Studies are also being conducted on a variety of new scintillator materials with 
respect to spectral output and conversion efficiency. We are also studying these materials in terms of 
optimum thickness and x-ray energy for particular experiments. 

Conclusions 

In this paper, we have shown the utility of visual and x-ray imaging and spectroscopy in the 
diagnosis and modification of the very complicated pulsed power Procyon, MAGO, and Pegasus 
experiments. While to date we are confused by temperature measurements and the details of the 
dynamics of the plasmas in these experiments, we have, through the use of these diagnostics, been able 
to answer many questions about the initiation and growth of plasma instabilities. Through the use of these 
diagnostics, our understanding has increased to the point where our most recent modification of the 
Procyon system provided the highest x-ray radiation output ever recorded. With the development of 
computer codes developed from the visible light images, the impact of our diagnostics has extended 
beyond the experiments to the area of numerical computation of plasma instabilities. Recognizing 
diagnostics as the backbone of experimental physics and acknowledging the need for diagnostics to 
evolve in step with our experiments, we explore the areas of new materials and new diagnostic systems 
and continue to integrate new diagnostics into the specialized needs of the physics of our work. 
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