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Calibration experiments of 3He neutron detectors for analyzing neutron
emissivity in the hot-ion mode on the GAMMA 10 tandem mirror
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Under the international fusion cooperating research,3He neutron detectors in the GAMMA 10
tandem mirror are calibrated by the use of a252Cf spontaneous fission neutron source (8.96
3104 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 BF3 detector in GAMMA 10, the present3He 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. Two3He 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 each3He detector. In the present article, the
neutron-counting data from the two3He detectors due to the on-axis252Cf scan are interpreted in
terms of thed22 intensity dependence~d 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 Physics.@DOI: 10.1063/1.1534402#
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I. INTRODUCTION

One of the representative operational modes in GAMM
101–5 is characterized in terms of a hot-ion mode6,7 with
bulk-ion temperaturesTi of 10–20 keV by the use of ion
cyclotron heatings~ICHs!.8 In the recent fundamental ho
ion-mode experiments with deuterium-proton mixed plasm
havingTi'10 keV, it is reported that the count rate of ne
trons produced by deuterium-deuterium~D-D! reactions is
observed to increase with increasing the bulk-i
diamagnetisms.6 Also, a high-potential operational mode1,5,9

having kV-order plasma-confining potentials has been inv
tigated in GAMMA 10. A large part of the database obtain
from these two operations has intensively been investiga
and summarized by using a proposal2–4 of combining the
two major theories, i.e., Cohen’s strong electron-cyclot
heating theory10 and the generalized Pastukhov potenti
confinement theory,11,12so as to highlight the common esse
tial physics bases underlying these modes and to ach
upgraded operational modes having hot-ion plasmas w
high potentials in future experiments. Verification of the e
fectiveness of potential confinement on improving t

a!Electronic mail: kohagura@prc.tsukuba.ac.jp
1750034-6748/2003/74(3)/1757/4/$20.00
s

s-

d

n
-

ve
th
-

plasma parameters of the tandem-mirror plasmas in the
ion mode experiments with D-D reactions is of great imp
tance for the future tandem-mirror physics researches.

In the present article, in order to investigate t
potential-confinement effects on improvements in the D
fusion reaction rate,3He systems are calibrated by the use
a 252Cf neutron source. For the3He systems, improved
neutron-detection efficiencies of the two orders-o
magnitude higher than those for the previously installed n
tron monitoring system with a BF3 detector6 are demon-
strated. The advantageous high-count rate provides
efficient quick survey for finding an optimized plasma ope
tional regime along with the information on plasm
parameter dependence from the viewpoint of a high neutr
count rate by the use of a limited number of the plas
discharges.

II. EXPERIMENTAL APPARATUS

A. GAMMA 10 tandem mirror

GAMMA 101–4 is a minimum-B anchored tandem mir
ror with an outboard axisymmetric plug and barrier cells.
has an axial length of 27 m, and the total volume of t
7 © 2003 American Institute of Physics
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FIG. 1. A top view of the GAMMA 10 tandem mirror along with the expanded schematic drawings of the central cell including the geometrical config
of two 3He detectors. These3He detectors locate atz520.92 m andr 52.21 m, as well asz51.76 m andr 51.38 m, respectively. Here, the location of th
central-cell midplane is defined asz50, and the distance of the detector from the magnetic axis (r 50) is designated asr.
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vacuum vessel is 150 m3. The 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 a
characterized in terms of~a! a high-potential mode having
kilovolt order plasma confining potentials1–5 and ~b! a hot-
ion mode yielding D-D fusion produced neutrons wi
10–20 keV bulk-ion temperatures.6,7 When hot-ion-mode ex-
periments with a deuterium-proton mixed plasma are car
out, the deuterium ions added to protons by gas puffing
heated by means of the slow wave absorptions in the
cyclotron range of frequency~ICRF!8 at 4.465 MHz having
the fundamental resonance in the central cell, while the p
tons are heated by ICRF fast waves at 9.9 MHz in
minimum-B anchors in order to sustain magnetohydrod
namics stability of the whole plasma. The plug and barr
cells are axisymmetric mirrors with an axial length of 2.5
adjacent to the anchor cells. Microwaves~150 kW at 28
GHz! are injected in the extraordinary mode into the pl
and the barrier regions to produce an ion-confining poten
fc , and a thermal-barrier potentialfb , respectively.

B. Calibration of 3He neutron detectors

Schematic drawings of the locations of two3He systems
on the GAMMA 10 tandem mirror are shown in Fig. 1. Her
the z-axis is designated in the direction along the magne
axis of the central-cell solenoids with the origin (z50) at the
central-cell midplane. The3He detectors labeled3He-1 and
3He-2 are installed near the middle (z520.92 m, and the
radial distance from the magnetic axisr 52.21 m) and the
end of the central cell (z51.76 m, r 51.38 m), respectively.

Schematic drawings of the cylindrical moderated3He
proportional counters13,14 ~Eurisys Measures: 133NH30/5!
with a 50-mm-thick paraffin are employed as shown in F
2~a!. The paraffin moderator is covered over a 1-mm-th
Cd shield in order to absorb thermal neutrons moderate
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FIG. 2. Schematic drawings of~a! the3He proportional counters surrounde
by a 50-mm-thick paraffin moderator, a 1-mm-thick Cd sheet, and a 2-m
thick lead shield, and~b! a block diagram of the electronics employed fo
the data acquisition.~c! The pulse-height spectrum from3He-1 for a dwell-
ing time of 576 s with the source position atz521.20 m inside the vacuum
vessel. The spectrum shows a typical continuous pulse-height distribu
which includes ‘‘wall effects’’ of3He proportional counters.
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nearby structures. The diameter and the effective length
the3He proportional counter having 5-bar filling pressure a
50 and 300 mm, respectively.

Figure 2~b! shows the schematic block diagram of t
electronics used for the neutron data acquisition. An out
signal from the detector is connected to a preamplifier
shaping amplifier, a buffer amplifier, and a multichann
pulse-height analyzer~MCA!. The detector and the preamp
lifier are shielded against ICRF noises by a 1.5-mm-th
copper box@see Fig. 2~a!#. The set of a high-voltage powe
supply, a shaping amplifier, and a buffer amplifier is co
tained in a copper shield box as well, which is placed n
the detector system.

The calibration experiments are carried out by using
252Cf neutron source~Amersham International plc.!. The
252Cf source yields neutrons by spontaneous fission reac
the energy distribution of neutrons can be written by the
of a Maxwellian distribution which has the mean energy
2.14 MeV with the residual nuclear temperature of 1.
MeV.13–15 The calculated source strength during the exp
ment is 8.963104 n/s. The neutron source is moved along
thin aluminum rail placed on the magnetic axis (r c50) in-
side the GAMMA 10 vacuum vessel. The calibration expe
ments are made with a dwelling time of 576 s at each lo
tion from z51.80 m toz521.80 m at intervals of 0.15 m.

III. CALIBRATION RESULTS

A. On-axis 252Cf scan

Figure 2~c! shows the output spectrum obtained fro
3He-1 for 576 s with the neutron-source location atz
521.20 m inside the GAMMA 10 vacuum vessel. Neutro
are detected in the3He proportional counters by means of th
3He(n,p)T reactions with the reaction energy of 765 ke
which is shared between a proton~574 keV! and a triton~191
keV!. As the ranges of a proton and a triton in the 5-bar3He
counter have lengths of the order of one centimeter or les16

protons and/or tritons produced by reactions occurring n
the detector wall can reach the wall and lose some ener
to the wall. Such events~hereafter referred to as wa
effects15,16! produce signal pulses smaller than those fr
events in which the whole reaction energy is absorbed
3He gas. Such wall effects can be seen in Fig. 2~c! as a
continuous pulse-height distribution starting from;40 MCA
channel~;191 keV! to the 3He(n,p)T change of slope a
;160 MCA channel energy~;690 keV!.

In Fig. 3~a!, the data points represent the variation of t
output-signal counts obtained from3He-1 during a 576-s
dwelling time with the252Cf source position on thez-axis.
Here, the hatched area labeled~A! represents the source lo
cations, where the lines of sight of the3He detector cross the
locations of the GAMMA 10 magnetic pancake coils and t
coil supporting steel structures. The hatched area~B! in Fig.
3~a! represents the source positions, where a steel ca
covering over a magnetic coil alone crosses the lines of si
Here, the separated distance between the neighboring m
netic coils is 0.60 m. A characteristic oscillatory structure
the neutron counts in Fig. 3~a! results mainly from the exis
tence of the periodically placed magnetic coils and
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stainless-steel coil-casing jacket in the line of sight of3He-1.
It is noted that the cooling water for the magnetic coils
filled during the calibration experiments so as to maintain
same conditions as those in the usual GAMMA 10 expe
ments. Some data points have unexpected signal degr
tions from the existence of such coil structures alone. It
however, reasonably understood when one takes accou
the influences of the existence of other structures includ
stainless-steel supporting legs for the coils.

To check the effect of the neutron-source transferr
‘‘rail system’’ on the neutron-detection counts, the neutr
source is fixed at the central position (z50) by the use of
only a thin steel wire hanging from the topside of th
vacuum vessel wall after the calibration experiments wh

FIG. 3. Total counts obtained from the3He detectors~a! 3He-1 and~b!
3He-2 for a dwelling time of 576 s as a function of a252Cf source location
on thez-axis inside the vacuum vessel. The hatching areas labeled~A! show
the source locations, where the lines of sight of the3He detector cross the
locations of the GAMMA 10 magnetic pancake coils and the coil support
steel structures. The hatched area~B! represents the source locations, whe
a steel casing jacket covering over a magnetic coil alone crosses the lin
sight. An oscillatory behavior of the count variation in particular for3He-1
indicates the influence of the existence of the coils and the various
supporting structures along the lines of sight of the detector. Most of
data points fit well to the curves proportional to the inverse of the sou
detector distance squared, 1/d2 ~the solid and the dashed curves!. ~c! The
averaged point-detection efficiencies of the present detectors plotted b
solid line (3He-1:9.331025) and the dashed line (3He-2:1.031024) range
about two orders-of-magnitude higher than that of the previous BF3 neutron-
monitoring system in GAMMA 10.
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the whole source transfer system is removed. The differe
observed between the cases with and without the tran
system is less than 0.5%.

For a scan of the neutron-source location in thez direc-
tion, the neutron detection efficiencies vary as a functionz
because of the changes in the geometrical distanced from the
detector to the source locations and the variation in
above-described effects from neutron scattering structure
a function ofz. In general, it is anticipated that the neutro
counts should have the 1/d2 dependence when no structur
effects are taken into account. In fact, the solid curve in F
3~a! representing the 1/d2 dependence fit well to the dat
points atz521.65,21.50,20.45,20.30,20.15, 0.60, and
0.75 m. On the other hand, the absolute values for the 1d2

fitting are estimated to be 95% as compared to those in
space~i.e., without any obstacles in the lines of sight of t
neutron detector!. The difference is interpreted in terms o
the existence of the 8-mm-thick GAMMA 10 vacuum vess
in the lines of sight. The dashed curve in Fig. 3~a! represents
another 1/d2 fitting to the data points atz521.80, 0.15,
0.30, 0.45, as well as fromz50.90 to 1.80 m. The good
fitting property of this dashed curve shows the domin
function is still the 1/d2 dependence even under the infl
ences of the existence of the coils and structural materia
the line of sight of the detector.

Figure 3~b! shows the similar plots to those in Fig. 3~a!
for 3He-2. Most of the data points again fit to the 1/d2

dashed curve. The difference between Figs. 3~a! and 3~b!
arises from the difference in the detector locations; that
the location of3He-2 is quite near the GAMMA 10 device
The line of sight of the detector crosses the coil structu
obstacles inz,1.3 m. For reference, the 1/d2 solid curve is
also plotted in Fig. 3~b! for a fit to the data points ofz
51.35 and 1.50 m, where no influence for the line of sig
with the coil structural materials is anticipated.

B. Point efficiencies

Figure 3~c! shows the point efficiencies~i.e., the counts
per unit neutron emission from a point source! of 3He-1 ~the
filled circles! and3He-2 ~the open circles! with respect to the
source location. The averaged point efficiencies of3He-1
and3He-2 are 9.331025 ~the solid line! and 1.031024 ~the
dashed line!, respectively. A similarin situ calibration was
made in 1994 for the previous neutron monitoring syst
with a BF3 detector by the use of a252Cf source inside the
GAMMA 10 vacuum vessel.6 The averaged point efficienc
of the previous BF3 system can be estimated from the tran
mission factor~see Ref. 6!, which gives the averaged poin
efficiency of 9.631027. Consequently, about two orders-o
magnitude higher neutron-detection efficiencies are achie
with the 3He systems as compared to the previous BF3 sys-
tem.

The higher-detection efficiencies of the present3He sys-
tems enable us to analyze a neutron emissivity in a sin
plasma discharge alone. This contributes to the experim
for obtaining detailed plasma-parameter dependence by
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use of limited available plasma discharges without any a
biguities from shot-to-shot irreproducible detailed propert
of plasmas, since the use of the averaged neutron num
over many plasma discharges gives various ambiguities.

The present neutron monitoring system plays an imp
tant role in tandem-mirror investigations to analyze t
potential-confinement effects on improvements in plasma
rameters as follows: The present typical hot-ion-mode
periments in GAMMA 102,6,7 with no direct auxiliary elec-
tron heatings provides a large difference between the hot
temperaturesTi ranging 5–10 keV and the bulk-electro
temperaturesTe .17–19 This, in turn, leads to a significan
electron drag as the dominant energy-loss channel for
ICH-produced hot ions in the central cell. On the other ha
the scaling ofTe with the central-cell electron-confining po
tential ~i.e., the thermal-barrier potentialfb) is recently con-
structed on the basis of the generalized Pastukhov theory11,12

and the electron energy-balance equation.2,3 The results indi-
cate thatTe increases with increasing the thermal transpo
barrier depthfb . Such effectiveness of the potential impro
ing the electron-energy confinement may contribute to
heating by reducing the dominant energy loss term for
ions. The reduction in the hot-ion energy loss, giving theTi

increase, may be followed by the improvement of the fus
reaction rate in D-D fusion experiments in GAMMA 10. Th
scenario for controlling the D-D fusion-produced neutrons
the fusion-reaction rate due to the thermal-barrier-poten
control will be carried out by the use of the present calibra
3He detectors.
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