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The quantum efficiency of an ultralow-energy-sensitive pure-Ge (ULE Ge) detector is investigated
using synchrotron radiation from the storage ring at AIST especially for x-ray pulse-height analyses
(PHAS), down to a few hundred eV. Several types of x-ray diagnostics such as x-ray PHA, x-ray
absorption methods, and x-ray tomography using the ULE Ge detector, a NaI(TI) detector, as well
as a microchannel-plate tomography system are employed for investigating electron distribution
functions and electron temperature profiles with preliminary central electron-cyclotron heating in
the central cell of the GAMMA 10 tandem mirror. These measurements play an important role in
studying an essential physics scaling of the electron temperature as a function of electron confining

potential in tandem mirror plasmas. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2351922]

I. INTRODUCTION

In GAMMA 10,173 the second-harmonic electron-
cyclotron heating (ECH) in the barrier region (barrier ECH)
is utilized for the formation of a thermal-barrier potential ¢,
which reduces the electron heat flow between the central cell
and the plug region and plays an important role as an elec-
tron confining potential in the central cell.'"”

Construction and verification of the physics scaling of
the central-cell electron temperature 7, are two of the main
issues for tandem mirror plasmas. Recently we have pro-
posed the physics scaling law of T, as a function of ¢, by
using the energy balance equation for a central-cell bulk
electron energy density and Pastukhov’s theory for electron
energy confinement time.”™ In the central cell of GAMMA
10, heating sources for the bulk electrons are hot ions with
temperatures 7;,=1-10 eV produced by ion-cyclotron heat-
ing (ICH) and other higher-temperature electron components
coming from other regions.“’6 Preliminary application of cen-
tral ECH which can be another heating source for central-cell
electrons is carried out in the present study. Electron tem-
peratures of those components called warm or hot compo-
nent are in the range from a few keV to a few hundred keV.
Due to lack of sufficient direct electron heating sources, typi-
cal bulk electron temperature stays in the order of 100 eV. In
order to investigate the 7,- ¢, scaling it is essential to clarify
electron energy distribution functions and electron tempera-
ture profiles in such a wide energy range. Here the detection
efficiency of an ultralow-energy-sensitive pure-Ge (ULE Ge)

0034-6748/2006/77(10)/10F332/3/$23.00

77, 10F332-1

detector’ (Canberra GUL0035) is precisely investigated by
using synchrotron radiation especially for the observation of
x-ray spectrum down to a few hundred eV. The ULE Ge
detector, a NalI(T1) detector,6 as well as a microchannel-plate
(MCP) tomography systemg’9 are employed to obtain elec-
tron distribution functions including a bulk electron compo-
nent and electron temperature proﬁles.ﬁ_9

Il. GAMMA 10 TANDEM MIRROR AND X-RAY
DIAGNOSTIC SYSTEMS

GAMMA 10 is a minimum-B anchored tandem mirror
with outboard axisymmetric plug-and-barrier mirror cells for
the formation of electrostatic ion-confining potentials ¢, and
electrostatic thermal-barrier potentials ¢,. The central cell
has a length of 6 m and a limiter with a diameter of 36 cm,
and the magnetic-field intensity at the midplane is 0.405 T
with a mirror ratio R,, of 5.2. Ion-cyclotron heatings at
6.3 MHz are employed for producing hot ions. Preliminary
central ECH is employed (90 kW at 28 GHz) in the central
cell for the present study.

In the central cell several x-ray diagnostic systems6 are
used including the ULE Ge detector, the NaI(TI) detector,
and the MCP tomography system. Figure 1 shows a sche-
matic view of detector radial locations in one plane for con-
venience. Their locations in the z direction are +60, +120,
and 0 cm, respectively.

The ULE Ge detector is used to measure the energy
spectrum ranging from a few hundred eV to a few tens keV.

© 2006 American Institute of Physics
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FIG. 1. Schematic drawings of x-ray diagnostic systems in the central cell
of GAMMA 10.

The ULE Ge detector retains the high-energy efficiency as
well because of the high atomic number and thus covers a
wide range of energies up to a few hundred keV. Another
pulse-height analysis (PHA) system using the Nal(Tl) detec-
tor (5 cm thick, 2.5 cm diameter, with a 2 mm aluminum
entrance window) is employed to measure the photon spec-
trum from 20 to 750 keV.

X-ray brightness is obtained spatially and temporally by
the use of a 50-channel MCP system. The system is used to
measure bulk electron temperature profiles. Here, we use the
detailed calibration data on the MCP as a function of x-ray
energy (from 12 eV to 82 keV) and incident angle. The
specifications of the MCP are as follows; the channel pore
diameter D is 15 um, the channel pitch is 19 wm, and the
channel length L. is 0.6 mm. The length-to-diameter ratio
L./D is 40. The channel bias angle 6 is 13°. The open-area
ratio is 57%. The active area of the MCP is 31X 81 mm?.
This area is divided into 50 sections in line, and each section
has an anode to collect secondary electrons intensified in the
MCP. The MCP system using a pinhole camera geometry
includes an exchangeable photon absorber assembly for
x-ray absorption method.

lll. CALIBRATION OF AN ULTRALOW-ENERGY
MEASURABLE PURE-GERMANIUM DETECTOR

The characterization experiment of the ULE Ge detector
is carried out using synchrotron radiation at TERAS of the
National Institute of Advanced Industrial Science and Tech-
nology (AIST).'!" A 310 MeV injector linear accelerator
(LINAC) has been operated and has provided 760 MeV elec-
tron beams for the electron storage ring TERAS. The storage
current of 100 mA has a lifetime of about 8 h. The storage
ring has a circumference of 31.45 m.

Figure 2(a) illustrates the schematic drawings of our ex-
perimental setup. The beamline'® (BL1-A) consists of a
premirror, a grasshopper monochromator, a refocusing mir-
ror, a beam monitor, and variable x-ray filters. The photon
energy is changed from 0.1 to 1.0 keV by automated control
of the grasshopper monochromator. The grating has
2400 grooves/mm, a blaze angle of 1.72°, and a curvature
radius of 2 m. The energy resolution of the system is
~0.2 eV at 245 eV and ~1 eV at 400 eV. Thin filters (Be,
Al) are utilized in order to suppress stray and higher-order
radiation. An incident photon flux is monitored by photo-
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FIG. 2. (a) Schematic drawings of the experimental apparatus in TERAS.
(b) The quantum efficiency of the ULE Ge detector normalized by the inci-
dent x-ray energy. The theoretical curve (the solid line) is calculated based
on the x-ray absorptions by a specially fabricated polymer window.

electric currents (1) from a Au-coated Ni mesh. The value of
I, is used as a normalizing factor to the following detector
signals.

The ULE Ge detector has the following specifications:
The active diameter and the thickness of the pure-Ge crystal
are 6.2 and 5 mm, respectively. The observed energy resolu-
tion is 130.7 eV [full width at half maximum (FWHM)] at
5.9 keV using °Fe and 480.7 eV at 122 keV using °’Co. The
detector has a specially fabricated multilayer-polymer film
vacuum window; the film is supported by a ribbed silicon
structure. The film spans silicon ribs that are 100 um apart
and 0.3 mm thick. This ribbed support structure has an 80%
open area, that is, parallel “gridded” ribs cover a 20% area of
the following vacuum-tight thin film. The total thickness of
the film is about 4000 A covered with a 1400 A thick alu-
minum layer. Therefore, the total transmission rate of inci-
dent x rays is estimated from the multiplication of the x-ray
transmissivity of the polymer film, the aluminum layer, and
the open-area ratio of 0.8 of the film.

A current mode is employed for the present calibration.
The returning duration 7g. of the charge-sensitive preamp-
lifier outputs is utilized in this mode. The output signal is
automatically returned back (the stored charges in the feed-
back condenser of the charge-sensitive preamplifier being
discharged) to the zero level after reaching a constant pre-
amplifier output level (i.e., a constant comparator voltage
level). This mode is useful to obtain an energy response un-
der intensive synchrotron-radiation conditions. Also, a PHA
mode is useful not only for cross-checking the above obser-
vation method but for identifying higher-harmonic emission
levels.

A gold photocathode is mounted in a NIST-type diode
with a cylindrical anode.'*" Its electron yield currents /,,
are utilized for monitoring photon flux. A photodiodem’15
having an 80 A dead layer (IRD XUV300) is also employed
as another I, monitor. The output current from each detector
is measured with an electropicoammeter and its output volt-
age is converted into digital pulses with a voltage-to-
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FIG. 3. (a) An x-ray energy spectrum in the central cell obtained by the
ULE Ge detector is fitted by the theoretical curve (the solid curve) calcu-
lated using two-component Maxwellian electron distribution function. (b)
An x-ray spectrum from higher-energy component is also observed by a
Nal(Tl) detector.

frequency converter. Finally they are counted by a scaler
with 10 s of accumulation and processed by a micro-
computer.

The quantum efficiency of the ULE Ge detector normal-
ized by the photon energy, 76./E,'* is plotted in Fig. 2(b).
The curve in Fig. 2(b) shows the results from theoretical
calculations using a nominal response curve of the 4000 A
thick polymer window, 1400 A thick Al layer, and a Ge dead
layer. Here, the relative values of the data are normalized to
the theoretical curve at E£=0.55 keV. The experimental re-
sults of the normalized detection currents of I./1y and 1,,/1,
give the energy response of Ig./1,, for the normalized inci-
dent photon flux. /5. denotes the detection current of the
ULE Ge detector. Here, I, is proportional to TE}L; the values
of 75, without x rays (due to thermal noises) are several
orders of magnitude longer than that with x rays. The quan-
tum efficiency of gold, QE(E), is proportional to the normal-
ized energy response of /4, to the incident photon flux.'"®
Therefore the values of 7, are calculated from I./1,, mul-
tiplied by QE(E). The data are cross-checked by using the
XUV300 as well.

Although some discrepancies are found near the carbon
absorption edge, the data obtained tend to fit the calculated
curve. More detailed data fitting could be made if we obtain
precise information on the polymer thickness and/or a dead-
layer thickness. As the data in Fig. 2(b) show, we may actu-
ally expect to investigate plasma x-ray spectra even in a few
hundred eV using such an easily handled semiconductor
detector in a PHA mode.

IV. EXPERIMENTAL RESULTS

In GAMMA 10 the representative operational modes are
characterized in terms of a high potential mode having kilo-
volt order plasma confining potentials and a hot ion mode
yielding deuterium-deuterium fusion produced neutrons with
10—20 keV bulk ion temperatures. Various physics scalings
including 7, with ¢, in both operational modes are discussed
in Refs. 1-3. The present study is carried out in the high
potential experimental mode (for more details, see Refs.
1-3).

Figure 3(a) shows an x-ray spectrum from the ULE Ge
detector during the period with central ECH. Photons with
energy even less than 1 keV are measured by the detector.
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Comparing to conventional PHA system such as a Si(Li)
detector, the ULE Ge detector shows the benefits of applica-
bility to low-temperature measurements. The dashed-and-
dotted and dashed curves are calculated using relativistic
Maxwellian distributions with electron temperatures of
125 eV and 3 keV, respectively. Data are well fitted by the
dotted curve calculated with bulk electron temperature of
125 eV (99%) along with warm electron temperature of
3 keV (1% to the total density). On the other hand, radial
electron temperature profile obtained from x-ray absorption
method using the MCP tomography system consistently
shows bulk electron temperature 7,=125+10 eV at plasma
radius r=0. Fitting curve for more detailed analysis of the
spectrum is obtained as the solid curve in Fig. 3(a) by taking
into account the radial profiles of bulk electron temperature
and density along the line of sight. The difference between
the curve calculated only from the on-axis parameters and
one calculated including radial profiles of plasma parameters
is less than 8% in the present experiment. In general x rays
from core plasma dominantly contribute to x-ray spectra,
however, the difference indicates the usefulness and the ne-
cessity of the x-ray tomography data when we strictly ana-
lyze the x-ray energy spectrum data. By using the ULE Ge
detector, x-ray spectrum from both bulk and warm electron
components is observed simultaneously for the first time in
GAMMA 10. The spectrum directly gives information on
electron temperatures and the ratio of bulk electrons to warm
electrons.

Figure 3(b) shows a spectrum from the hot electron com-
ponent obtained by the Nal(T1) detector. Data are well fitted
by the solid curve calculated using relativistic Maxwellian
electron distribution function with temperature of 100 keV.
This hot electron component is estimated to be less than
0.1% to the total density and therefore the contribution of the
hot component as an electron heating source is negligible
compared to other terms.
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