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PLASMA AND ELECTRICAL DIAGNOSTICS FOR PROCYON EXPERIMENTS*
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J. H. Goforth, A. E. Grecne, H. W. Kruse, J. V. Parker, and D. G. Rickel
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Introduction

The aim of the ‘Irailmaster series of experiments is to
generate an intense source of soft x-rays by imploding a thin
(2000 A) aluminum cylinder.! The present scheme mcorporates
a plasma flow switch for the final pulse shaping and requires
careful diagnostic analysis. The emphasis of this work 1s to
transfer the energy to the load area and to understand the dy-
namics of the plasma flow switch.? The experiments are carried
out at LANL in two lacilities. Laboratory experiments that an-
tiwer questions about the details of the plasma flow switch are
done on the 1.5-MJ Pegasus capacitor bank. The higher energy
experiments (Procyon series) utilize explosive pulsed power sys-
tems and are conducted at the Ancho Canyon firing site. It is
the latter set of experiments that will eventually supply an x-
ray radiation source at the megajoule level. At the present
time, the emphasis of the Procyon experiments is to deliver
energy from the generator to the plasma flow switch and the
load arca. The details of these experiments are given in other
papers at this conference

In order to characterize these experiments one needs Lo di-
agnose Lthe driver performance and the dynamics of the plasma
and power flow in the plasma flow switch region. The diffi-
culty of experinients in which high current, high voltage, and
high explosive are combined, leads to severe problems. Many of
the diagnostics are unique and untested. Since only a limited
number of experiments are done during a year, the effori is to
maximize the information per shot. The aim in this report is to
present some of the diagnostic techniques used in the adverse
Trailimaster envirenment,

The Load Region
The vacuum power flow region of the the Procyon experi-
ment is shown in Fig. 1 and it extends from the closing switch
to the end of the plasma gun. It includes the anodized radia-
tion baffles, the wire array, the pla:ma gun, and implosion load
region. The switch plasma is generated by the wire airay ay
current is transferred from the generator to the wires and the
JXB forces move it along the annular gun barrel to the im-
plosion load. The wire array and the barrier foil combination
produces 150 myg of swilch plasma. The wire array is an intri-
cate weaving of 2-mil-diam aluminum wires as shown in I'ig. 3
and is designed to give a 1/R? mass dependence, and /¢ rep-
resents the radial distance {roin the center of the plasia gun.
The present series of Procyon experiments will nol include the
cylindrical load foil because the goal is to successfully transfer
the power Lo the load area as described in other papers.!:?

I'he radiation haftles were tested to minimize the probabil-
ity of radiation-induced flashover at the vacuum dielectric in-
terface. Aiso, Lhe radiation characteristics of the baflles need o
be known for modifications and optimization of the power flow
to the load. Flashover lor teflon, which is used for a dielectric
interface, is about GO uJ/cm’.B We have immcasured transmission
with a pulsed xenon (600-J) lamp and an optical multichannel
analyzer (OMA). This has shown attenuation of sround 107 or
that about 10 uJ of spectrally integrated radiation in the range
of 300 to 600 nin gets to the dielectric vacuum interface. Thin
level of radiation is acceptable and no problems were observed
in the Procyon experitnents. I'he flashover is also a function of
the npcrtrnrdinlrl ution or the temperature of the plasma pro-
duced by the wire array. In the Iatest Procyon experiment the
plaama temperature of the of the wire array was measured just
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after the wires burst. The temperature was determined from a
spectral fit to the blackbody distribution, and the temperature
measured was aboul 5 ev,
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Fig. 1. The components of the Procyon experiment. The radi-
ation baffles, wire array, and barrier foil along with the implo-

sion load area are shown. The location B and Faraday rotation
probes are indicated.

w w Di ics

Several diagnostic techniques are used to measure the the
power flow Lo the load end of the v..periment. Current is mea-

sured with Rogowski coils, Faraday rotation systems, and B

probes. The Rogowski and B data are transferred over fiber-
optic links that have been instrumental in minimizing ground
loops. The Faraday rotation systems are intrinsically free
of clectronic noise but have suffered from mechanical shocks,
which are the main cause of data loss with Faraday rotation
systems. We rely heavily on accurate current measurcments
with IRogowski coils and Faraday rotation systems and corre-

late the data against each other. Even though B probes can be
uscd to measure currents, they measure localized fields and are
aflected by plasmas and, therefore, are mainly used for plasina

velocity and thickness measurements. We normalize the b data
to appropriately located Rogowski and Faraday rotation sensor
data and use the information to deduce the amount of ~urrent
flowing and switched in the plasma How switch. In the j.'nama
{flow switch experiments, a scrics of I} probes are placed along
the outside and inside electrodes of the switch channel as shown
in Figs. | and 2, and they record the arrival time of the plasma
as cach probe registers the current as the plasmn passes,
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Fig. 2. The eclectrical circuit for the Procyon experiment. The
gonerator closing and opening switclies are shown. The plasina
gun and load area are shown to indicate the positions of the
sensots. T'he plaama position is detected by B probes as it
passes the sensor.

The B probes are fabricated from molld copper coax ca-
ble with the center wire made into a loop and soldered to the
outer copper shell. The area of the loops are approximately
13 x 10 ®* m?. The B loop is embedded In epoxy inside a
fused sllica tube. These probes are extremely rugged and work



vell in our environment. Each probe is calibrated by referenc-
ng it to a known loop area with a pulsed current source and
n this manner the effective loop areas are determined for each
ne.

Fig. 3. The wire array. This is the source for the plasma in the
slasma flow switch. The pattern is to simulate a 1/R? mass
lependence. The engle, wire size, and the angular step size of
.he wire positions determine the mass dependence.

Figure 4a shows integrated B data for the probes on the
sutside plasma chaunel wall and Fig. 4b shows data for the
inside wall. The data for the load region are also included in
Fig. 4b for one of the Procysn experiments. The probe data
‘or the outside wall have be :n normalized to the current that
~as observed above the wire array with the Rogowski coils and
Faraday rotation probes. Y/e can determine the plastna veloc-
ty (rom this data by obs:rving the time of the initial rapid
signal onset for each prob:. The velocity of the switch plasma
letermined in this mnanne:is 2 cm/us between probes m-Z and
m-3 and 5.2 cm/us betwe :n probes m-3 and m-5 =.id the plasma
.hickness was estimated "o be a naximum of ~5 ¢in by the time
t reaches the load regica. The same analysis was done for the
lata from the inside will of the gun barrel and the load area.
We find, for the prober at their conjugate locations, the veloc-
ty to be 2 cm/ps an. 4.8 cm/us, respectively. The plasma,
herefore, moved in th e barrel as a rewsonably uniform annular
"washer.” Also, we ne tice that the current switching to the load
area, as indicated b probes m-9 and m-70 was simultancous
but small, and not * w same magnitude. The Faraday rotation
signals in Fig. 5 also show lower currents (significantly less than

100%) in the foad, »ut still higher than the B probes indicate.
I'he Faraday rotat .on probes do not reach peak current and
are probably affec ed by rither mechanical damage or intense
-adiation that incdilies the characteristics of the fiber. Fven
Jiough the Farad « probes are more accurate and not plagued
by local plasina wnomalies, they are, nevertheless, subject to
‘hanges in birefr nperce caused by mechanical effects.

Faraday ro' ation field sensory are extremely valuable where
jround loops a1 d electrical noise ran severely distort the data.
Figure 6 illust ates the system used at LANL for the Pro-
syon experimeita. 'I'ha fibers in the experimental setups are
protected by )lastic tubing, RT'V, Torr seal, or other epox-
ies, which pr vide prote_tion from shocks and UV light. A
heam of lines tly polarized HeNe (632.8 nm) light is transmit-
led through t 1e sensor Lo a recording atation where the rotation
of the plane of polarization in measured. Half-Wave retarda-
lion plates ¢ ;e used Lo rotate the polarization direction at the
fiber entran o and at the analyzer. Following dev-lopment by
pthers," the Faraday rotation angle @ for a coaxlal geometry is
(S I j“’ 17 dz. V' in the Verdetl constant for the material,
1 i the n agnetic fleld strength, and 1 is the path length in
the field. ccording to Amperes law, [ - (l/u,[,} [ 1 dz, and
here [ ia l1e current croesing the surface bounded Ly the line
integral a d, therefore, @ = V'yu,/. A result from the shot Is
given in Fig. 7 snd It is abvious that the (ringes are reasonably

(=Y L )

casy to count early in time but at late times when rapid cur-
rent changes are taking place and where current reversals are
encountered the situation gets difficult. Usually, two detectors
are set to record the same signal with a 90-phase difference.
The resulting aignal will be quadrature coded, making possible
the detection of signal reversals.
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Fig. 4. a) The B data from the probes on the outside channel.
Signals are observed as the plasma passes the probes. The
probes currents are normalized to Rogowski coil data. The B
probes are mainly used for plasma velocity measurements and
thickness. The velocity is determined from the probe location
and the sudden onset of probe current. b) The B data from the
inside wall of the plasma-flow switch. The data are normalized
to data from the outside wall. The onset times from both data
sets indicate the the annular plasma was a reasonably uniform
“washer.”
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Fig. 5. Faraday rotation signals for Procyon experiment
(PSS3). The generator and plasina-flow switch currents are
shown. I'-1 shows thie generator current. F-3 is the current
measured at the radiation baflles. The current in the plasma
gun and load area are given by F-4, I'-5, and ¥-6. F-6 shows
the current that is switched into the load.
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The sensitivity of the fiber is determined by the Verdet
constant and for most of our experiments this sensitivity is
0.6818 MA/cycle, i.e., the polarization changes through one
cycle as the current changes 0.6818 MA. For accurate current
tneasurements of less than 1 MA, the number of fiber turns are
increased, and iin some cases up to 50 turns have been used with
a sensitivity of 0.014 MA /cycle. In cases where the magnetic
field changes very rapidly, 2 lower sensitivity m .y be desirable
and we have used systems with a different laser wavelength
(850 nm) to give a sensitivity of 1.15 MA /cycle.

Fig. 7. Example of Fara-
day rotation signal from
a Procyon experiment.
The top curve shows the
i Faraday rotation signal.
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The bottom curve shows
i current. The fringes are
\ ' counted and multiplied

by the Verdet constant
to give the current. For
rapidly changing cur-

CUNENT . .
rents the resolution is
changed so that fringes
can be counted.
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Radiation Miagnostics

Even though the emphasis of the Procyon series of exper-
iments has been to transfer power to the load region, the need
to diagnose the radiation from the up-coming foil implosion
tests needs Lo be addressed. The generator and switch in the
these experiments are explosively driven and the vacuum im-
plosion chamber and the diagnostics do not survive the blast.
The radiation comes from the plaisma flow switch and the {oil
implosion regions, U is necessary to monitor different phases
of cach process. In the plasma flow switeh we desire to monitor
the inttiation of the wire array and the subsequent motion of
the plicana down the pun harrel, During the foil imploesion pro-
cess we need to monitor the initiation of the toad foil, the run-
in, and thermalization. Uhe diagnostics for these experiments
include filtered x-ray diodes, filtered bolometers, time-resolved
tmaging cameras, time-resolved, uv-visible and x-ray spectrom-
cters, and pinhole cameras. In this paper we will discuss some
of these techniques and show data obtained from Pegasus and
other related experiments,

Visible imaging has been done with two different types of
cameras: Lhe high pressure gas driven rotating mirror cam-
eras; and the cleetronic high-speed cameras (Imacons). Mir-
rors are used to transfer the fmage from the experiment to
screen rooms or to hunkers. The optical path, which is usually
less than 100 1L, views the plasma both axially and radially.
Figures 9 10 are lnacon pictures that reveal some features of
the plasma on placana flow switeh experiments at the Pegasus
capacitor bank

In Fig %4 we ohserve the plasma sheath as it passes the
load area. "I'he inter-frame time of cach image is 167 ns and the
arc‘unl exposure time is 20" of this. The velocity and thick-
sese of the shenth can be estunated from these images. We
estimate a velocity ol a minnmum G e/ and a thickness of
about 1.5 <ty aned this informmtion is very important input for
the theoretical design codes, After earelnl examination of the
Hnages it becomes evident that a precursor plasma that appears
carly in tme is also observed, This feature hay been observed
with B8 probes ax early current in all the plasma flow switeh
experitnents. Figures Bnoand Bbh show an implosion as observed
axially in the lond tenon Animiplosion is elearly observed with
aframing camera i Fig. Bboas the plasma collapses on the axis,
The pattern observed in due o a slot pattern in the electricnl
giide plane at the end of the loud reglon. The interframe Lime
in this experiment in 100 na. Sitnblarly, an implosion is chserved
with a streak camera (Fig. 8¢) an the plasma movea toward the

axis and the light from the plasma generates a parabolic shape
as it accelerates to its collapse. Estimates of the final implosion
velocity from the streak camera data were 18 cm/us.

Iig. 8. a) Radial view of plasma on Pegasus capacitor bank
experiment. The images shown are taken 167 ns apart and
exposure time is about 34 ns. the timing ulternates from left
to right and down. ‘The plasma moves up in each image. We
notice early in time the front edge of a precursor and a series
of waves of plasma. The main plasma is observed as \ie oright
images during scveral frames. Estimates of the plasma velocity
were 6 cm/ps and a thickness of 1.5 cm. b) Axial view of a
plasina vinch in the load arca. The pattern is due to a slotted
clectrical glide plane. It is clear when plasma reaches the center.
Interframe time in this figure is 100 ns. ¢) A strcak camera
pcture of a pinch. As the plusma implodes and accelcrates, a
parabolic image is observed. Tate in time the plasma begins to
expand. At pinch time the plasinn velocity was calculated to
be about 18 cm/pus.

X-ruy itmaging and spectroscopy dingnostics are difficnlt to
field in the adverse envircnments, Thes» diagnostics need to he
located in the vacuum system and in the vicinity of high explo-
sives and, therefore, nced to be [abricated in such a way that
they can withstand the explosive shocks and be recoverable.
Filih is the main recording medium for these instruments, Af-
ter the experiment, these diagnostics need to be recovered and
filtn processed. I'igure @ shows an x-ray pinhole camera spec-
troteter combination that has been succesafuliy used. This
camera 18 built irside a one-in.-thick ateel casing, is vacuum
tight, and reusable. Filters sre used in front of the pinholes to
only transmit the x-ruys. A shutter mechanism (either spring
loaded or detonator driven) blocks the stray light after the ex-
periment and prior to recovery. Figure 10a shows the raw data
of an x-ray pinch from the Laguna experimenta. hmage en-
hancement has improved the pinch region in the photograph an
seen in Fig. 10b and a computer determined density profile is
shown in IFig. 10c. In this picture the ditnension of the main
“bloi™ of the pinich in 2-mm wide with » height of about 17 inm,

There is a need to measure the tetnperature of the implo-
sion at pinch time. For this purpuse (iltered x-ray diodes (XR1D))
and bolometers are used and the data fitted to a Plancklan



master expelrimems are modified versions that were originally
developed at AFWL7 and at Sandia Laboratories.® The one
used at LANL is a four channe| filtered system. The filters and
detector {oil are chosen to satisfy the conditions of an experi-
ment {approximale temperature). In most of our experiments,
the detector foil is 1-um-thick nickel mounted on a fused silica
substrate. The bolometer is biased with 40 A about 8 us prior
to the critical event (pinch). When radiation hits the bolome-
ter foil the temperature of the foil and, therefore, the resistance
is changed. This resistance change, along with the current flow
in the foil, generates a voltage that is related to the energy
deposited in the foil. On one of the latest plasma switch Pe-
gasus experiments we obtained 19.2-kJ total energy deposited
into 4-7 steradians in this experiment. The spectral range of
these data covers from about 70 ev to 3 kev. The differentiated
data gave the power for the imp'osion and the peak power was
about 5 » 10'° W,
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Fig. 9. The x-ray pinhole camera/spectrometer combination.
this camera has been re-used in several experiments. The two
images can give a stereoscopic picture of the pinch or they can
be used with different filtering. the spectrometer is designed to
be usable with a variety of x-ray crystals. A shuiter mechanism
closes the system to stray light after the experiment.

Fig. 100 Images taken with the x-tay camera. a) shows the raw
data. b} is a computer-enhanced imuge to show the position
of the pinch. ¢} shows a density profile, The size of the pinch
determined from these figures was about 2-mm wide by about
17-mm high.

The sensitivity of the holometer s a function of the
detector foil materind, size, cnrrent through the foil, wnd
resistivity change with specific energy. This s given by
AVES HAp/ N (e e ) () where AV s the increane of
resistive voltage, | 10 the bholometer bias current, Ap/ A
(dpedU) (e ") the resistivity change with specific eneryy,
1 is the forl mass density, ris the foil thickness, L and woare the
exposed dimensions of the il, and F, i the absorbed radia
tion fluence (1 can) after being corrected for filter transmission.
The timne response of there bholometera in less than 5 ns and they
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'] hey can operate at fluences up to the point where the foil
begins to ablate.

Conclusions

Over the time period of several years through various
phases of the Trailmaster program, numerous diagnostic tech-
niques have been developed and modified. We have demon-
strated that the diagnostic techniques have been successfully
fielded in the adverse environments. Other diagnostic develop-
ments are in progress including time-resolved, high-resolution
x-ray spectroscopy and imaging. Improvements are being made
in electrical diagnostics and the increased use of fiber optic links
has significantly enhanced the nuzlity of the electrical data.
Noise pickup and ground loop problems encountered on previ-
ous experiments have virtually been eliminated.
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