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Under the international fusion cooperating researtte neutron detectors in the GAMMA 10
tandem mirror are calibrated by the use of%Cf spontaneous fission neutron source (8.96

X 10*n/s). The calibration experiments are carried out with a “rail system” placed along the
magnetic axis of the GAMMA 10 central-cell region, where hot ions in the plasma experiments with
the bulk temperatures of 10 keV are produced. As compared to a previous neutron monitoring
system with a BE detector in GAMMA 10, the preseritie systems are designed with about two
orders-of-magnitude higher neutron-counting efficiency for analyzing a neutron emissivity from the
plasmas in a single plasma discharge alone. Y@ systems are installed near the middle and the
end of the central cell so as to identify the central-cell hot-ion axial profile. The filling pressure of
3He, the effective length, and the diameter of the detector are designed as 5 bar, 300 mm, and 50
mm, respectively. The detector output spectra are carefully analyzed by the use of a preamplifier, a
shaping amplifier, as well as a multichannel analyzer for ébehdetector. In the present article, the
neutron-counting data from the twiéle detectors due to the on-aXi¥Cf scan are interpreted in
terms of thed 2 intensity dependenc@ being the distance between the detector and the neutron
source as well as the effects of the central-cell magnetic coils and the other machine structural
components. ©2003 American Institute of Physic§DOI: 10.1063/1.1534402

I. INTRODUCTION plasma parameters of the tandem-mirror plasmas in the hot-

) ) ) ion mode experiments with D-D reactions is of great impor-
One of the representative operational modes in GAMMA 6 for the future tandem-mirror physics researches.

10'"® is characterized in terms of a hot-ion médewith In the present article, in order to investigate the
bulk-ion temperature§; of 10-20 keV by the use of ion-  ,qential-confinement effects on improvements in the D-D
cyclotron heatingdICHs).” In the recent fundamental hot- sjon reaction raté’He systems are calibrated by the use of
ion-mode experiments with deuterium-proton mixed plasmas, 2520¢ neutron source. For théHe systems, improved
havingTi~10keV, it is reported that the count rate of Neu- no iron-detection  efficiencies of the two orders-of-
trons produced by deuterium-deuteriud-D) reactions is  magnitude higher than those for the previously installed neu-
observed to increase with increasing the bulk-iong,, monitoring system with a BFdetectof are demon-
diamagnetismS Also, a high-potential operational Mo’ gyaeq The advantageous high-count rate provides an
having kv-order plasma-confining potentials has been invesaticient quick survey for finding an optimized plasma opera-
tigated in GAMMA 10. A large part of the database obtained;q 4 regime along with the information on plasma-
from these two operations has intensively been inveStigateHarameter dependence from the viewpoint of a high neutron-

and summarized by using a propdsalof combining the ot rate by the use of a limited number of the plasma
two major theories, i.e., Cohen’s strong electron-cyclotrondischarges_

heating theor}’ and the generalized Pastukhov potential-

confinement theor}**2so as to highlight the common essen-

tial physics basgs underlying thege modgs and to achlgvlﬁ EXPERIMENTAL APPARATUS

upgraded operational modes having hot-ion plasmas with

high potentials in future experiments. Verification of the ef-A. GAMMA 10 tandem mirror

fectiveness of potential confinement on improving the  sAMMA 1014 is a minimumB anchored tandem mir-

ror with an outboard axisymmetric plug and barrier cells. It
dElectronic mail: kohagura@prc.tsukuba.ac.jp has an axial length of 27 m, and the total volume of the
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FIG. 1. Atop view of the GAMMA 10 tandem mirror along with the expanded schematic drawings of the central cell including the geometrical configurations
of two *He detectors. ThesiHe detectors locate at=—0.92 m and =2.21 m, as well ag=1.76 m and = 1.38 m, respectively. Here, the location of the
central-cell midplane is defined as-0, and the distance of the detector from the magnetic axis0( is designated as

vacuum vessel is 150%rThe central cell has a length of 6 m
and a fixed limiter with a radius of 0.18 m.
The main tandem-mirror operations in GAMMA 10 are @)

characterized in terms dB) a high-potential mode having 3He |
kilovolt order plasma confining potentials and (b) a hot- Gopper C Hl
ion mode yielding D-D fusion produced neutrons with Box S/ Pre Amp

10-20 keV bulk-ion temperatur@€ When hot-ion-mode ex-
periments with a deuterium-proton mixed plasma are carried

v Spectroscopy
Amp.

Pre-
{ Amplifier

out, the deuterium ions added to protons by gas puffing are gtm;;{ e

heated by means of the slow wave absorptions in the ion steel S N,/ Butfer Amp.

cyclotron range of frequencffCRF)® at 4.465 MHz having Heustng E |5 p 2k e

the fundamental resonance in the central cell, while the pro- 8 g< | etk

tons are heated by ICRF fast waves at 9.9 MHz in the é% Paraffin [ |cawac

.. . . = Moderator

minimum-B anchors in order to sustain magnetohydrody- ik Ry

namics stability of the whole plasma. The plug and barrier S Proportional || computer

cells are axisymmetric mirrors with an axial length of 2.5 m = 5;::::'”

adjacent to the anchor cells. Microwaveéks0 kW at 28 (c) 200 ; . : :

GHz) are injected in the extraordinary mode into the plug Shot#127  Source location z=-120 cm

and the barrier regions to produce an ion-confining potential

¢, and a thermal-barrier potentidl,, respectively. 150 H .
0
c

B. Calibration of 3He neutron detectors 3100 (

Schematic drawings of the locations of tiide systems ©

on the GAMMA 10 tandem mirror are shown in Fig. 1. Here, 50 H

the z-axis is designated in the direction along the magnetic

axis of the central-cell solenoids with the origi=<0) at the

central-cell midplane. ThéHe detectors labeletHe-1 and ou L L

3He-2 are installed near the middle=t —0.92m, and the 50 100 150 200

MCA channel

radial distance from the magnetic axiss2.21 m) and the
end of the central cellZ=1.76 m,r =1.38 m), respectively. Fic. 2. Schematic drawings &) the3He proportional counters surrounded

Schematic drawings of the cylindrical moderatéide by a 50-mm-thick paraffin moderator, a 1-mm-thick Cd sheet, and a 2-mm-
proportional countef$'* (Eurisys Measures: 133NH30/5 tﬂ'c'a lead shield, a”‘ﬂb;ha b'ofk ‘:]'a_grsm of the e'feclﬁ;?”'isfemp'gyeﬁ for
with a 50-mm-thick paraffin are employed as shown in Fig. ¢ dat@ acquisitiontc) The puise-height spectrum frothie-1 for & dwell-

. . . 2"ing time of 576 s with the source positionzat — 1.20 m inside the vacuum

2(a). T_he F_)araffm moderator is covered over a 1'mm'th|ckvessel. The spectrum shows a typical continuous pulse-height distribution
Cd shield in order to absorb thermal neutrons moderated iwhich includes “wall effects” of*He proportional counters.
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nearby structures. The diameter and the effective length of (a) 8000 prrrrrrrrrpryrrrre -

S
theHe proportional counter having 5-bar filling pressure are 7000 - -;’L..‘i} é
50 and 300 mm, respectively. 6000 L& ** 07 2

Figure 2b) shows the schematic block diagram of the @ 5000 |- 'E',\gxn
electronics used for the neutron data acquisition. An output S 4000 F ’ "@\
signal from the detector is connected to a preamplifier, a 8 3000} E 7
shaping amplifier, a buffer amplifier, and a multichannel 2000 - 2
pulse-height analyzgiMCA). The detector and the preamp- 1000 - E 2
lifier are shielded against ICRF noises by a 1.5-mm-thick 0_2"_'1"5_)"'_'1 0'503'5 1 18 B
copper boxXsee Fig. 2a)]. The set of a high-voltage power Source Location z(m)
supply, a shaping amplifier, and a buffer amplifier is con- (b) 14000 F T A Ty T
tained in a copper shield box as well, which is placed near 12000 B F an
the detector system.

The calibration experiments are carried out by using a %10000
252Cf neutron source/Amersham International plc. The = 5000
252Cf source yields neutrons by spontaneous fission reaction; O 6000
the energy distribution of neutrons can be written by the use 4800
of a Maxwellian distribution which has the mean energy of 2000
2.14 MeV with the residual nuclear temperature of 1.42 0_2 15 1 050 05 1 15 2
MeV.*~1®The calculated source strength during the experi- Source Location z (m)
ment is 8.96< 10° n/s. The neutron source is moved along a (c) 10° prrrrrrr e

thin aluminum rail placed on the magnetic axis£€0) in-

side the GAMMA 10 vacuum vessel. The calibration experi- z
ments are made with a dwelling time of 576 s at each loca- &
tion from z=1.80 m toz=—1.80 m at intervals of 0.15 m. £ 10*
1]
S
I1l. CALIBRATION RESULTS E
A. On-axis 52Cf scan 10°

2 -5 -1 05 0 05 1 15 2

Figure 2c) shows the output spectrum obtained from Source Location z(m)
3Ha. ; i .

He-1 for 576 s with the neutron-source location at FIG. 3. Total counts obtained from thi#de detectorsa °He-1 and(b)
=-120m |n§|de the GAMMA 10 vacuum vessel. Neutronssye. for a dwelling time of 576 s as a function of%Cf source location
are detected in théHe proportional counters by means of the on thez-axis inside the vacuum vessel. The hatching areas lalialeshow
3He(n,p)T reactions with the reaction energy of 765 keV the source locations, where the lines of sight of tHe detector cross the
which is shared between a prot(ﬁV4 ke\b and a triton(191 locations of the GAMMA 10 magnetic pancake coils and the c0_|I supporting

. . e steel structures. The hatched a(Barepresents the source locations, where
keV). As the ranges of a proton and a triton In the 5-ffde 5 steel casing jacket covering over a magnetic coil alone crosses the lines of
counter have lengths of the order of one centimeter or'fess, sight. An oscillatory behavior of the count variation in particular sie-1
protons and/or tritons produced by reactions Occurring nedndicates the influence of the existence of the coils and the various coil
the detector wall can reach the wall and lose some energiezgpport[ng sFructures along the lines of_S|ght of the_ detector. Most of the
ata points fit well to the curves proportional to the inverse of the source-

to the 5\’1\’3"- Such eventshereafter referred to as wall getector distance squaredgdd/the solid and the dashed curye&) The
effectd®9 produce signal pulses smaller than those fromaveraged point-detection efficiencies of the present detectors plotted by the
events in which the whole reaction energy is absorbed byolid line *He-1:9.3<10"°) and the dashed lin€e-2:1.0<10"*) range
SHe gas. Such wall effects can be seen in Fifr) s a about two orders-of-magnitude higher than that of the previousrgktron-

. ’ . T . monitoring system in GAMMA 10.
continuous pulse-height distribution starting frord0 MCA
channel(~191 ke\) to the *He(n,p) T change of slope at
~160 MCA channel energy~690 keV). stainless-steel coil-casing jacket in the line of sightleé-1.

In Fig. 3(@), the data points represent the variation of thelt is noted that the cooling water for the magnetic coils is
output-signal counts obtained frofHe-1 during a 576-s filled during the calibration experiments so as to maintain the
dwelling time with the?>?Cf source position on the-axis.  same conditions as those in the usual GAMMA 10 experi-
Here, the hatched area label@hl) represents the source lo- ments. Some data points have unexpected signal degrada-
cations, where the lines of sight of tREle detector cross the tions from the existence of such coil structures alone. It is,
locations of the GAMMA 10 magnetic pancake coils and thehowever, reasonably understood when one takes account of
coil supporting steel structures. The hatched @Ban Fig.  the influences of the existence of other structures including
3(a) represents the source positions, where a steel casirgjainless-steel supporting legs for the coils.
covering over a magnetic coil alone crosses the lines of sight. To check the effect of the neutron-source transferring
Here, the separated distance between the neighboring mafail system” on the neutron-detection counts, the neutron
netic coils is 0.60 m. A characteristic oscillatory structure ofsource is fixed at the central position=0) by the use of
the neutron counts in Fig.(8® results mainly from the exis- only a thin steel wire hanging from the topside of the
tence of the periodically placed magnetic coils and thevacuum vessel wall after the calibration experiments when
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the whole source transfer system is removed. The differencese of limited available plasma discharges without any am-
observed between the cases with and without the transfédriguities from shot-to-shot irreproducible detailed properties
system is less than 0.5%. of plasmas, since the use of the averaged neutron numbers
For a scan of the neutron-source location in ttadirec-  over many plasma discharges gives various ambiguities.
tion, the neutron detection efficiencies vary as a function of The present neutron monitoring system plays an impor-
because of the changes in the geometrical distdiican the  tant role in tandem-mirror investigations to analyze the
detector to the source locations and the variation in theotential-confinement effects on improvements in plasma pa-
above-described effects from neutron scattering structures aameters as follows: The present typical hot-ion-mode ex-
a function ofz. In general, it is anticipated that the neutron periments in GAMMA 167 with no direct auxiliary elec-
counts should have thedf dependence when no structural tron heatings provides a large difference between the hot-ion
effects are taken into account. In fact, the solid curve in FigtemperaturesT; ranging 5-10 keV and the bulk-electron
3(a) representing the d@f dependence fit well to the data temperaturesT,.*’~° This, in turn, leads to a significant
points atz= —1.65,—1.50,—0.45,—-0.30,—-0.15, 0.60, and electron drag as the dominant energy-loss channel for the
0.75 m. On the other hand, the absolute values for tdé 1/ ICH-produced hot ions in the central cell. On the other hand,
fitting are estimated to be 95% as compared to those in frethe scaling ofT, with the central-cell electron-confining po-
space(i.e., without any obstacles in the lines of sight of the tential(i.e., the thermal-barrier potentidi,) is recently con-
neutron detectdr The difference is interpreted in terms of structed on the basis of the generalized Pastukhov thetry
the existence of the 8-mm-thick GAMMA 10 vacuum vesseland the electron energy-balance equafidithe results indi-
in the lines of sight. The dashed curve in Figa)¥epresents cate thatT, increases with increasing the thermal transport-
another 1d? fitting to the data points at=—1.80, 0.15, barrier depthp, . Such effectiveness of the potential improv-
0.30, 0.45, as well as from=0.90 to 1.80 m. The good ing the electron-energy confinement may contribute to ion
fitting property of this dashed curve shows the dominantheating by reducing the dominant energy loss term for hot
function is still the 1d? dependence even under the influ- ions. The reduction in the hot-ion energy loss, giving The
ences of the existence of the coils and structural materials imcrease, may be followed by the improvement of the fusion
the line of sight of the detector. reaction rate in D-D fusion experiments in GAMMA 10. This
Figure 3b) shows the similar plots to those in FigiaB  scenario for controlling the D-D fusion-produced neutrons or
for 3He-2. Most of the data points again fit to thedd/ the fusion-reaction rate due to the thermal-barrier-potential
dashed curve. The difference between Fig®) &nd 3b) control will be carried out by the use of the present calibrated
arises from the difference in the detector locations; that is’He detectors.
the location offHe-2 is quite near the GAMMA 10 device.
The line of sight of the detector crosses the coil structuraAnCKNOWLEDGMENTS

obstacles irz<1.3m. For reference, thed? solid curve is .
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