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We are planning experiments using a field reversed configuration plasma injected into a metal
cylinder, which is subsequently electrically imploded to achieve a fusing plasma. Diagnosing this
plasma is quite challenging due to the short timescales, high energy densities, high magnetic fields,
and difficult access. We outline our diagnostic sets in both a phase | 6tdyre the plasma will

be formed and translatedand phase Il studywhere the plasma will be implodgdThe
precompression plasm@iameter of only 8—10 cm, length of 30—40 kis expected to have

~10" cm 3, T~100-300 eV,B~5 T, and a lifetime of 10-2Qus. We will use visible laser
interferometry across the plasma, along with a series of fiber-optically coupled visible light monitors
to determine the plasma density and position. Excluded flux loops will be placed outside the quartz
tube of the formation region, but inside of the diameter of #hginch formation coils. Impurity
emission in the visible and extreme ultraviolet range will be monitored spectroscopically, and fast
bolometers will measure the total radiated power. A 20 J Thomson scattering laser beam will be
introduced in the axial direction, and scattered lihtm multiple spatial pointswill be collected

from the sides. Neutron diagnosti¢activation and time-resolved scintillation detecjonsll be

fielded during both phases of the DD experiments. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1310589

I. INTRODUCTION temperature, lifetime, translation, and trapping, can the ex-
periment logically proceed to the secofichplosion phase.

_The goal .Of magnetized target TL.‘S'OGMTF) Is to . During the implosion, another set of diagnostics is required
achieve a fusing plasma under conditions intermediate in

. . to verify the symmetry and speed of the liner motion. Fi-
both density and required power compared to standard magfally etythird sgt mustxt/)e abIeFt)o function during the L2

netic fusion energy and inertial confinement fu;ion“burn phase,” when the plasma is most highly compressed
methods. Our plan is to form, translate, qnd then rapidly and fusing 012 the fue{DD or even D7 is expected to occur.
compressand thus hez}ia field reversal c'qnflgura.tlo(rFRC) The phases and goals of the experimental program, along
trti?:gle t dﬁl,aesnmi?ntc;ofgisr:onsg?ilg\ﬁre]:aﬁ;oelglOns using an eIeC'With corresponding diagnostics, are listed in Table I. Access
y P 9 ’ to the plasma, which is generally cylindrical in shape, is

The MTF plasma, both as initially formed and also in its . . e .
. . ! . . . vailable end-or{axial), but very difficult to obtain side-on
final state of compression, poses interesting diagnostic chaj-_ . . . . :

; o radial). Side-on access is restricted first due to the close
lenges. These challenges arise from limited access to th

compact, high density, high magnetic field object of mterestproxmmy of the segmente@? pinch coils and the quartz_
. ) tube, or after the plasma is translated, to the close fitting
as well as severe electromagnetic and mechanical force is; . : . . i
. : . . . aluminum metal liner in the compression section. Further-
sues associated with the nearby imploding metal liner. A

schematic of the FRC/liner configuration is shown in Fig. 1.More, as the_actual liner |mpI(_JS|on begins, the pla_1$amj
accespis rapidly reduced in size, and large electrical tran-

The powerful and dynamic heating mechanism, namely stagg. be induced i by electrical wiri
nation of a rapidly moving solid metal liner and subsequent |_ents may be Induced in any nearby € ec”'C?‘ wiring or
diagnostic circuits. Due to the very high magnetic fields ex-

Ohmic dissipation of a compact torus at 500 T, should pro- ected as a result of the liner compressiBA>500 T), we

vide us with the opp(_)rtumty_to diagnose an extraordmaryglso have the opportunity to field novel magnetic field sen-
plasma. The diagnostic goal is to observe and charactenzesr%)rs Obtical emission from the plasma will be variously af-
B~1, n~10*° cm~2 deuterium,T~10 keV plasma, on ti- - P P y

. S fected by Stark, Zeeman or Paschen-Back, Doppler broaden-
mescales ranging down to 100 fiermation time of-5-10 ing, and self-absorption effects. There may be interfering
us, burn time of~1-2 us).

emission from the cold outer layers of the plasma, especially
on open field lines in the natural divertor region surrounding

II. SPECIAL CONCERNS the FRC.

_ For an MTF expenment,_ there are _three overgll dlagnqsi”_ INITIAL FRC DIAGNOSTICS
tic sets that we must consider. The first, and simplest, in-
volves diagnosing the initidiprecompressiortarget plasma. The FRC plasma diagnostic set will consist of magnet-

Only after demonstrating the appropriate plasma densityics, spectroscopy, interferometry, bolometry, and Thomson
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two systems. One will be standard silicon photodiode
bolometry to monitor total radiation, and the other will be a
flat polyethylene teraphythalate crystal spectrometer with a
gated detector designed to look at helium-like middlen-
purity lines (such as the 1.6 keVsf—1s2p line from alu-
minum, or perhaps silicon Both systems require vacuum
access to the plasma, and as such will view axially from the
ends of the machingadial vacuum access through either the
quartz tube or metal liner is too difficult or intrusiveLine
averaged electron density will be obtained radially along at
least one chord. An existing quadrature interferometer, oper-
ating in the blue at 442 nm with a 2—20 mW Linconix
helium—cadmium laser is available for our use. A 90° Thom-

FIG. 1. Cutaway schematic of FRC plasma injector mated to liner implosiorlSon scattering system to measu@ér) andTe(r) at six spa-

driver. The plasma is first formed in the quartz tube underétpinch coil,

tial points is under construction. It has been carefully de-

and then translated into the 1 mm thick aluminum Iiner, which is Subse-signed for unusua”y h|gh dynam|c range due to an expected

quently imploded by a multi-MA current pulse, to heat the plasma to fusion-

relevant parameters.

high background level of plasma light, and utilizes a 16-bit
PixelVision SpectraVideo 5122512 back-illuminated,
cooled, 90% quantum efficient charge coupled de(@€D)

scattering instruments. Diamagnetic flux lodps measure
excluded flux will be positioned underneath tilepinch ~ &may detector, lens coupled to a Delft Instruments PP0370E

coils. The trick to this measurement is to be able to handle §ated image intensifier, with gain of up to 400000. Each
large signalwhich can be as big as the main bank voltage onCCD pixel is 24um square, and has a well depth of 350 000
the one-turnd pinch coil.* We will use visible light fiber/ ~ €lectrons. A twin beam Quantel 20 ns ruby laser provides
filter arrays oriented radially to observe the length of the™~10J per beamnia 1 mmdiameter waist inside the plasma.
FRC as it translates out of the formation region. These fiberé total of 18 lines are imaged with a single holographic
can also be fed to spectrometers, which have gatedjrating spectrometéformerly used on the multipoint Thom-
intensified detector arrays for spectral snapshots. Howeveson scattering system on the CTX spheromak at Los Alamos
due to significant Stark broadeniripr example,~10 nm  National LaboratoryLANL )°]. Each spatial point has three
for Hg at 2X 10*” cm™3), spectra will be difficult to inter- measurements; one for the scattered light, and one adjacent
pret. For observing x-ray ultraviolet emission, we will have above and below for plasma light subtraction. We are assum-

TABLE I. Summary of experimental research goals and requirements for FRC-based MTF.

Scientific/technical Principal Principal
Research goals issues facility diagnostics
Vacuum liner Rayleigh—Taylor and Shiva—Star Side-on
compression kink stability fob/D (AFRL) radiography
fromr;=5 cm to ~3, Convergenc®,; /R; Magnetics probes
r{=0.5 cm withV ~10 *completed FY99 Faraday probe
>0.3 cmjus Pin arrays
FRC formation FRC formation ColiLANL) Excluded flux
suitable for at high density B probe array
compression Stability foB*/ E<3.5 Interferometry
T~300 eV ConfinementE~0.5 Thomson
n~107 cm™3 R?/pi scattering
7e>10 us Impurity contenZ 4<2 Bolometry
*under construction FY00 Optical spectroscopy
FRC translation Maintaining stability ColtANL) B probe array
and trapping Impurity content Bolometry
into a liner with Interferometry
Mwal=5 €M, rg Spectroscopy
~3 cm,l4=30 cm Neutrontesh
Integrated Stability Shiva—Star 3 axis
compression of Transport (AFRL) radiography
FRC in liner toT Impurity content End-on
~5 keV, n~10¥ (liner mix) interferometry
cm 3, 7e~1 us Spectroscopy
Bolometry
Neutron
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ing that up to 90% of the detected light may be due to plasma

background. As configured, the system should be capable (glente.r of both stalks we routed a polarlzgtlon preserving op-
. ical fiber for a novel ZnSe Faraday rotation sensor. The two
measuring electron temperatures between 10-aB80 eV.

stalks were joined at a concentric bushing. Permanent mag-
IV. LINER DIAGNOSTICS nets(shown in Fig. 2 were used for a seed magnetic field

In 1999, we conducted two aluminum liner vacuum testt_hat varied from 60 to 90 G throughout the interior of the

shots to check liner stability and velocity on the Shiva—Starl'ner. region of interest. .Th? axial and radial com!oonents of
the initial seed magnetic field were measured with a Lake-

capacitor facility at the Air Force Research Laboratory at . .
b y y Shore Cyrogenics Hall Probe, and modeled with a magneto-

Kirtland AFB, NM.” Diagnostics included multitime x-ray . N
radiographic images of the metal liner, internal magneticStat'C codgFLUX2D). Measurements of the evolving initial

field probe measurements to monitor compression of thgnagnetic field withB-dot and Faraday techniques provided a

liner as a function of time by measuring the increase in fieldV®Y to determine the time history of the liner radius.

strength of a seed magnetic field, and optical “pin” fibers A. Pin detector
which monitor liner symmetry by observing the arrival time

of the inner surface of the liner at predetermined points The pin detectdris a glass 50um fiber that emits a

. burst of Cerenkov radiation when it is shocked on the end by
There was good agreement between the diagnosties L . . . .
the arrival impact of the liner. This furnishes a precise mea-

scribed below that measure this total magnetic field, the surement of the time of impact, with a time resolution in this

time of |mpact-data, t_he rad|ogra}ph Images, and analytl%ppllcatlon of 20—-50 ns. The sharp rise time of the Cerenkov

model expectations. With the possible exception of the x-ray : . :
) L . : signal is usually unambiguous unless there is a temporally

radiography(which is not detailed hejenone of these diag- .

X . X . ° smeared shock front, as was the case for our pin detectors
nostics will carry over into the later integrated plasma/liner; . . .
tests installed near the glide plane. The optical signal was routed

: . into the screen room control center via 60 m of fiber, and

Since these test shots had no plasma, we installed tw; . . . .

then converted to electrical signals with Optelecom transmit-

central diagnostic stalks, one from above, and one from bet'ers These were amplitude calibrated to each other, and time
low the liner, in positions which would be filled with an FRC ) P '

plasma in a “real” shot, as shown in Fig. 2. A thin alumi- s_ynchro.nlzed for trigger and group.d.ellay. Eighteen electrlgal

S ) : signals in the screen room were digitized on VXI Tektronix
num cylindrical liner is mounted between upper and lower .
- ., . O .~ TEK641 recorders at 4 ns per sample, with data records of 8
glide planes.” The glide plane refers to thick, immobile .

. ! T .~k samples, 8 bits deep.

metal end pieces along which the liner “glides” when being
accelerated byl X B forces. Optical pin fibers in the upper
stalk measured the liner time of impact via shock induce
fluorescence in the fibers. The stalk diameter near the “pins”  The B-dot axial probe array was shielded electrostati-
could not be any smaller than 1.0 cm because the opticalally inside a 1/4 in. stainless stg@S tube, with 0.010 in.
fibers were already at their minimum bend radius when inwalls. At each of five axial locations spaced from the bottom
stalled in the stalk. The liner stopped here at a 9.8:1 radiajlide plane up to the mid plane, there were axgl and
compression ratio. The bottom 0.635 cm diam stalk includedadial B, B-dot coils. These were overlaid in wound/
arrays of magnetic loofB-dot) probes, and allowed the liner counterwound pairs to give us differential signals so we
to travel up to a 15.4:1 radial compression ratio. Through theould take advantage of common mode rejection by taking

OB. B-dot probe array
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sums and differences of the signals. Typical data tigvend  impact the axis of symmetry, creating high velocity molten
significantB, , and canceling derivatives from the convective metal jets that squirt out the ends of the experiment. It will
derivative part of the time derivative due to the moving linerstill be useful to observe x-ray lines of selected impurities
reference frame for the liner image currents. The shape of thesuch as helium-like aluminum or silicpnand their corre-
liner was inferred fronB-dot array data. The SS tube around sponding broadening due to Stark and strong magnetic field
the B-dot probe adds attenuation and time delay as the magsplitting (Paschen-Bagkeffects. We may be able to spectro-
netic field soaks through the cylindrical wall, so we had toscopically study impurity contamination issues by coating

deconvolve its response using spectral methods. the inner wall of the aluminum liner with selected materfals.
Of course, neutrons will get out, and we intend to field both
C. Faraday optical probe time resolved(scintillating plastic/photomultiplier tubeand

The novel Faraday sensor used a high Verdet constafiptal neutron yieldactivation measurements. Prior to com-

ZnSe crystal to measure the magnetic fields. Its advantage pression, the neutron signal will be small but detectable due

that it does not have to deal with electrical noise or pickupt0 the high plasma density. Then, as the density increases by

due to the optical nature of the signal. A He—Ne pump IasePJagt&r otfthO< tand tt_he tﬁ-rrlperatu(rje |tr)10r<|aatsels alfact.ﬁrbof
provided polarized light, whose polarization was rotated as1 B , (N€ neutron time history anc absolute 1evels will be

the magnetic field at the crystal increased. The range of thigssential for judging the success of the implosion, relative to

diagnostic stretched from approximately 400 to 10 000 G,COde modeling.

but in fact could easily measure much larger fields with theack NOWLEDGMENTS
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