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The high flux source for the Pulsed High Density Experiment (PHDX) has been constructed, and field-
reversed configuration (FRC) plasmas are being produced. To diagnose FRC plasma temperatures three kinds of
diagnostic systems have been set up on PHDX; A4 = 632.8 nm He-Ne laser interferometer system at the midplane
for total temperatureTiqta, 16 channel spectrometer for ion temperature T; and soft x-ray (SXR) measurement
system for electron temperature T, viewed along z-axis, respectively. The SXR measurement system consists of
five sets of collimators and AXUV 100 photodiodes with directly deposited filters which have different bandpass
regions. Asaresult of preliminary temperature diagnostics, the following plasma parameters are estimated during
areatively quiescent phase of FRCs; Tiotas ~ 50€V, Tj ~ 50€eV and T ~ 25€eV. Thisresult does not agree with
the equilibrium relation of Tga = Ti + Te, and it must be caused by plasma condition and our assumptionsin the

spectral analysis.
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1. Introduction

A field-reversed configuration (FRC) is one of the
simplest toroidal plasma configurations [1]. The FRC
plasmais confined within a separatrix by a poloidal mag-
netic field that is generated by plasma diamagnetic toroidal
currents, and has negligible toroidal field. There are many
advantages of FRC plasmas including its compact, simple
geometry, high plasma beta, and ease of linear trand ation.
The Pulsed High Density Experiment (PHDX) will expand
the conventional regime of the FRC to the very compact,
high energy density regime to approach fusion. In this ap-
proach, the energy needed to compress the FRC to fusion
conditions is transferred to the FRC via simple, relatively
low field acceleration and compression coils. The High
Flux Source (HFS) of PHDX is designed to enable the
completion of scaling and confinement studies by enabling
the ability to program FRC elongation. The experiment is
essentially thefirst step towards breakeven, and continuing
progress can be made in incremental steps with additional
stages of acceleration and compression. The ultimate goal
of PHDX isto form, accelerate and compressthe FRC to a
density of 1x 10?3 m~3 at atemperature greater than 1 keV.
Following energy confinement time, g, predicted by pre-
vious FRC scaling, the resulting FRC should attain an nrg
product of ~ 5x 10* m~3s, where n is a plasma density.

Plasmatemperatures are determined by commonly us-
ing aHe-Ne laser interferometer system for not only FRCs
but other configurations including compact tori, tokamaks,
and similar devices. In PHDX, a1 = 632.8nm He-Ne
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laser interferometer system isinstalled to measure theline-
integrated electron density, [ nedl, and estimate the total
temperature, Tioq, Of FRC plasmas. For discussing de-
tailed temperature analysis, the impurity measurement of
plasma is widely used on many experimental devices. A
16 channel spectrometer manufactured by SPEX Industries
has been set up on the HFS to estimate the velocity, v, and
ion temperature, T;, of FRCs by measuring the Doppler
shift and broadening of impurity species; this spectrometer
has a 16 element Hamamatsu R5900U series photomul-
tiplier tube (PMT) for light detection. In addition, a soft
x-ray (SXR) measurement [2, 3] system has recently been
developed on the HFS to estimate el ectron density, ne, and
temperature, T, of FRCs. Both parameters of n and Te
are approximately determined by comparing the response
of the several filtered detectors to their computed response
using the emissivity from an atomic model of the plasma
with T convolved with the spectral responsivity of each
detector.

For detecting the SXR radiation from the FRC plasma,
AXUV100 photodiodes, manufactured by International
Radiation Detectors (IRD) [4], are used. There are many
features of AXUV photodiode which makesit well suited
for this diagnostic: coverage of the complete photon spec-
tral range (0.04-1100nm), and having no doped dead-
region on the detector surface resulting in quantum effi-
ciencies near theoretical limitsfor XUV photons and other
low energy particles. In PHDX we developed five sets of
AXUV100 photodiodes and filters, which have different
bandpass characteristics and are already deposited on each
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diode, respectively. The simplest approach to analyzing the
SXR datawould beto try to reconstruct the SXR spectrum
from the several SXR measurements at each time point;
then, spectrum could be compared to ideal spectra gener-
ated by bremsstrahlung emission formula or spectral anal-
ysis code. If the reconstructed spectrum has enough detail,
the fruit of this comparison would be dynamic values for
plasma temperature and impurity content. To estimate the
sample spectrum on PHDX, PrismSPECT (spectral anal-
ysis code from the Prism Computational Science, Inc.) is
used. Once we have an emissivity for some nominal choice
of impurities, we can use simple scaling with impurity den-
sity to assemble an emissivity spectrum for a combination
of impurities.

In the following section the experimental setup includ-
ing basic diagnostics and three kinds of temperature diag-
nostic systems of the PHDX are described. In section 3,
experimental results from al temperature diagnostics are
compared and discussed.

2. Experimental Setup

2.1 Diagnosticsfor the PHDX

In the source section of the PHDX shownin Fig. 1(a),
a2.6-mlong and 0.8-m diameter silicatubeisused. To pro-
ducethe preionization plasmasinside the tube two kinds of
preionization method are used; axial discharge and mag-
neto plasma dynamic (MPD). They provide much higher
lift-off flux than in a ringing-6 field preionization setup.
Theaxial magnet coilsareindividual, electrically insulated
copper coils and wrapped just outside the quartz tube; each
coil has 15-cm width and 3-mm thickness with a coil spac-
ing of 25cm. Two of 9 coils located at both ends produce
bias field with the others used for fast-reversal field; the
bias and reversal fields are 0.06 T and 0.2T at peak, re-
spectively.

To diagnose the FRC plasmatemperatures, three kinds
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Fig. 1 Schematics of the PHDX: (a) high flux source, and (b)
soft x-ray detector.

of diagnostic systems have been set up on HFS; 1 =
632.8nm He-Ne laser interferometer system at the mid-
plane of the HFS, 16 channel spectrometer installed for
end-on viewing, and SXR measurement system mounted
on the end flange viewing along z-axis. Other diagnostic
systems for the HFS of PHDX are: 9 pairs of magnetic
loops and flux loops installed underneath each copper coil
are used for determining the separatrix radius, shape and
energy of the FRC plasmas; 14 channels of visible light
measurement (unfiltered Si-Photodiode) covering 4 radial
locations from the end and 10 axial locations along the
length have been installed for analyzing preionization effi-
ciency and uniformity aswell as FRC formation dynamics;
a gated spectrometer for detecting impurity line spectrais
installed; a bolometer system is set up at the end flange
viewing along the z-axis to measure the total radiated
power of FRCs; an end-on fast framing camera(IMACON)
and a charge-coupled device camera are installed and in
use. A 64 channel array system of visible bremsstrahlung
tomography is available, and detailed information about
this system is described in previous work [5].

2.2 He-Nelaser interferometer

An acousto-optic modulator (AOM) isused to split the
5mW He-Ne laser beam into reference and scene beams,
which aso induces a 40 MHz phase-shift on the deflected
beam, here the reference beam. The scene beam passes
through the quartz tube at the midplane and zero impact
parameter, is reflected by a return mirror on the far side
of the HFS, and returns through almost the same position.
The beams are recombined at a beam splitter and band-
pass filtered (1 ~ 632nm and FWHM~10nm filter), and
monitored with a detector consisting of a collimator, plas-
tic optical fiber and photodiode. The quadrature el ectronics
compare the phase of the original 40MHz local oscillator
with the 40 MHz signal that was added to the laser beam by
the AOM, removing ambiguitiesin phase information. The
phase shift isrelated to the electron density by the relation

w

A¢p = o, f nedl, Q)
where w is related to the frequency of light by w = 2rc/A
and n. isthe cut off density at which light at wavelength A
will encounter an opticaly thick plasma and will not pen-
etrate, ne = w’meo/€?. The phase shift is easily measured
using thistechnique, and an electron density along the path
of the laser found. This system has a sensitivity to plasma
electron density of [nedl = 3.53 x 10 m=2 per fringe.
Total temperature of FRCs is estimated by using pressure
balance relations:

B2 1
Tootal = =—= (1— —Xz), )

2uNee 2%
where By is an externa field and Xs is the ratio of sep-
aratrix radius to coil radius; then, the term of (1 — x2/2)
indicates separatrix beta, Bs. Here, we assume ne equalsto
averaged electron density < ne >.
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2.3 Sixteen channel spectrometer

Plasma emission is focused through a 2um entrance
dlit and detected by a 16ch PMT array. This detector has
a UV window that provides good sensitivity from 185-
650nm. Each channel of the PMT is recorded on a dig-
itizer and provides a time-resolved record of the spec-
tra. The overall resolution of the instrument is ~0.036 nm.
For calibrating the intensity of 16ch PMT detector with
—800V supply voltage, a mercury pencil lamp is used and
the detected wavelength compared with Hg | lines from
the National Institute of Standards and Technology (NIST)
Atomic Spectra Database.

The ion temperature of FRC plasma is measured in
terms of the Doppler broadening. Under the assumption
of atherma Maxwellian velocity distribution, the Doppler
broadened spectral line shape of the transition is expressed
by a Gaussian profile

1(2) ~ exp[~(AYADY?], (3)
with the full width at half maximum

Adpwhm = 2(In2)Y2A0p = 7.71 x 107°A(Ti /M) Y2,
4

where T; isin €V, Alp centered at the wavelength of the
observed spectra 4, and M isthe ion massin atomic units.
This half-width and thus the corresponding apparent tem-
perature must be corrected by taking into account the Zee-
man and Stark effects. With these corrections taken into
account, the measured Doppler broadening is used to solve
for T;.

2.4 Soft x-ray measurement system

The SXR measurement system consists of collima-
torsincluding 3 different sizes of apertures (¢ ~ 2, 5 and
8 mm) and 5 sets of AXUV 100 photodiodes (sensitive area
of 10x 10mm?) with directly deposited filters: single fil-
ter of 150-nm Al, multifilters of 200-nm Zr and 50-nm C,
200-nm Ti and 100-nm Pd, 200-nm Sn and 10-nm Ge, and
60-nm Cr and 150-nm Al. Schematics of the SXR mea-
surement system isillustrated in Fig. 1 (b). A quantum ef-
ficiency of each filtered AXUV 100 photodiode taken from
the IRD website [4] is shown in Fig. 2, along with a sam-
ple spectrum from PHDX. To increase the uniformity of
detector signal we supply 3 volts of a reverse bias using
batteries, and 150 Q of aload resistance is used as atermi-
nation.

Theemissivity of SXRs can be determined either from
abremsstrahlung formulaor using a spectral analysis code.
To estimate the detector signal, we can numericaly inte-
grate the bremsstrahlung formula over photon energy E
and along the detector line of sight I, taking into account
the quantum efficiency of filtered detector:

s [ [ 0TS0
| E

x exp(—E/Te(1))S(E)I (E, )dEdI, (5)
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Fig.2 Quantum efficiency of filtered AXUV100 photodiode,
and sample spectrum on the PHDX.

where S and | represent the quantum efficiency and the
intensity of impurity line, respectively. Meanwhile the
PrismSPECT can easily determine the plasma emissiv-
ity under the assumption of density and temperature with
some nominal choice of impurities. In our T analysis we
use this software to compare the signal of SXR detec-
tor with calculated response. FRC is predominantly Deu-
terium plasma in PHDX, but with the following impuri-
ties: 0.25% Carbon, 0.5% Oxygen, and 0.1% Silicon.
Furthermore, we assume several calculational conditions
such as time-independent, non-local thermal equilibrium
(collisional radiative equilibrium) ionization and level pop-
ulation calculation, and with optically thin radiation trans-
port. Sample spectrum of emissivity under the conditions
of Te ~ 50eV and n ~ 3x 10?2 m=2 is shownin Fig.2. In
agiven spectrum a small number of strong lines dominate,
and a single element can completely dominate the emis-
sion; dominant impurity line, for instance, is Oxygen at
10eV and Silicon at 50€V. Impurity lines dominate over
continuum, and note that the continuum is dominated by
recombination, rather than free-free emission.

3. Experimental Resultson the HFS

FRC plasmas are produced by a field-reversed theta-
pinch method with 10 mTorr Deuterium. Figure 3 shows
the time sequence of the externa field Bey, excluded flux
radiusr e, and line-integrated el ectron density [ ned! at the
midplane of HFS, respectively. Plasma parameters at rel-
ative quiescent phase (t ~ 15us) are as follows: ryy ~
0.2m, averaged electron density <ne> ~ 2.0x 102 m3,
and configuration lifetime 7, ~ 40-50us.

SXR signals of all five filtered-diodes are shown in
Fig.4(a), and then each signal is subtracted by that of a
vacuum reference. Since the Al filter has wideband and
high transmission at low photon energy region, peak cur-
rent of the diodeis approximately 11 mA (t ~ 22us); at the
same time the results of Zr/C- and Sn/Ge-filtered diodes
are 4.0 and 1.5mA, respectively, and the others are ap-
proximately 1.0mA. Note that we assume each detector
measures the same plasma conditions (density and temper-
ature profiles) and line of sight. Here we can obtain the
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Fig. 3 Time sequence of (a) externa field, (b) excluded flux ra-
dius, and (c) line-integrated electron density.
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Fig. 4 (8 Time sequence of detector signals, and (b) cal culated
ratio of Sn/Ge- to Zr/C-filtered responses and the pre-
dictable consequence from the experiment.

ratios of several choices of signal combination and time
point. To compare the ratios of several responses between
experiment and simulation, the PrismSPECT is carried out
under the plasma conditions of n ~ 0.5-3.0x 10 m~2 and
Te ~ 10-200€V. As results of integrating the emissivity
over photon energy with taking into account the quantum
efficiency of five different filtered-diodes at each simula-
tion, the ratio of responses as a function of electron tem-
perature are obtained; sample results of ratio of Sn/Ge- to
Zr/C-filtered responses are shown in Fig. 4 (b). To estimate
Te in our analysis plasma density is determined by the in-
terferometer system, and then we compare the responses
from both experiment and simulation. Att = 22 s, for ex-
ample, theratio of Sn/Geto Zr/C signalsis 2.7 and plasma
density is 2.5x 101 m~3, and then T, is approximately es-
timated at 30+2¢€V from Fig. 4 (b).

Figure 5 shows the time sequence of FRC plasma
temperatures resulting from all three diagnostics as dis-
cussed above. Using Eq. (2) and plasma parameters shown
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Fig.5 Experimental results from all temperature diagnostics on
PHDX.

in Fig.(3), time evolution of Tiyy is easily estimated;
Tiota Stays around 50€V till t = 24us, but is steeply in-
creased because of decreasing the electron density. Results
from the Doppler broadening measurement (ClII line at
A = 229.69nm) indicate ion temperature of FRC plasma
tobeT; ~ 30eV at the beginning of axial contraction and
increased up to 70eV. Finaly, preliminary results of T, es-
timation using the SXR measurement system are seen in
the samefigure; T, remainsin therange of 25-35eV. Since
this estimation is carried out under severa assumptions
in both experiment and simulation, we should be careful
of comparing T result with the others. The problem with
this T estimation, for example, is that if there is a time-
dependent density, then from looking at the SXR signals
alone, we cannot say whether a changing signal is from a
changing temperature or a changing density. Total temper-
ature of FRC plasma can be determined by the sum of T;
and Te, however theresult of Fig. 5indicates Tigra < Ti+Te
at arelatively quiescent phase (15-24 us); especially high
T;. We presume this must be caused by both the condition
of FRC plasma (shape, position, equilibrium and life time)
and the location of the spectrometer (end-on viewing).

In summary the preliminary experimental resultsfrom
al three temperature diagnostics for FRC plasmas are
Tiota ~ 50€V, T; ~ 50eV, and T ~ 25+£2eV att = 15us.
They do not indicate the equilibrium relation, T #
T; + Te, and we presume that FRC plasmais not sustained
equilibrium. For future iterations we will change the loca-
tion of spectrometer, fractions of impurity on HFS, and our
assumptions of the plasma condition.
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