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Cryogenic neutron detector comprising an InSb semiconductor detector
and a supercritical helium-3 gas converter
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We evaluated the neutron-detection characteristics of a proposed cryogenic neutron detector
comprising an InSb semiconductor detector and a helium-3 gas converter. The neutron detector was
operated at 4.2 K with helium-3 gas filling up to 1.5 atm, at which the density of the helium-3
nucleus corresponds to that at 160 atm at room temperature. The secondary particles generated by
the *He(n,p) T reaction were successfully detected by the InSb detector with a time response of
~80 ns at all tested gas pressures. 2604 American Institute of Physics.

[DOI: 10.1063/1.1642747

I. INTRODUCTION exhibit an excellent position resolution less than 0.1 mm.
In principle, the InSb detector detects secondary partic-
A cryogenic helium-3 neutron detector that can producdes created in the following reaction:*He+n—p
precise images of scattered and/or transmitted neutrons of aT(3He(n,p)T); i.e., neutron detection. Conventional
cooled sample would be very useful, since the detector coulfielium-3 filled neutron detectors at room temperature require
be set and cooled very near the sample without any thickeveral atmospheres of helium-3 for high efficiency, and also
obstructions between the source and detector. Implementin@quire an additional, heavier, gas component to provide
this requires a neutron detector that can operate at cryogenigopping power if a position resolution on the order of mil-
temperatures less than 4.2 K, and exhibit a position resoluimeters is required. For example, in helium-3 at 1 atm, the
tion of a few tenths of microns and moderate detection effiproton range is on the order of 50 mm, and an atmosphere or
ciency. so of a gas such as ¢s required to reduce this range to the
Several types of cryogenic neutron detectors have beem size. By using the cryogenic environment, one can
developed so far, one of which is the cryogenic gas proporachieve a helium nucleus with a high density at a relatively
tional counter: In that study the gas used was helium-4, butjow pressure, and the proton range is well below 0.1 mm:; for
replacing it with helium-3 would result in a cryogenic neu- example, a pressure of only 10 atm at 4.2 K is sufficient to
tron counter. The authors demonstrated the operation of theduce the range of the proton t660 um, whereas about
gas counter at 5 K, 0.013 atm gas filling, and a gas gain o{000 atm would be needed at room temperature. Thus, the
~200. However, much higher gas gain and filling-gas presexcellent position resolution of the detector is expected. Fur-
sure are required to realize a high position resolution. Anthermore, the operation of the detector at a relatively low
other type of detector combined a cryogenic solid-state depressure simplifies the fabrication of the gas chamber, and
tector and a converter coating film. Baketal. recently  the gas converter ensures good uniformity in detection effi-
reported that a silicon detector evaporated with lithium ﬂUO'ciency at all pixels.
ride operated well at 80 mKThis detector was quite suc- An InSb semiconductor detecfaras adopted as a solid-
cessful as a neutron counter, but is not suitable as an imagingate detector. This type of detector is expected to have an
detector where hundreds of pixels would need to have coagnergy resolution twice that of a silicon semiconductor de-
ing films of the same thickness for uniform detection effi-tector. The INSb semiconductor is suitable for use at cryo-
ciency. Moreover, a silicon semiconductor detector is nOlyenic temperatures since its electron and hole mobilities are
suitable for use at low temperature since the mobility of thespout 40 and 1.5 times larger, respectively, than those of
carriers—electrons and holes—becomes small, and is akjjicon. Moreover, arrays of InSb detectors should be devel-
fected by imperfect charge collection. oped in the near future since they are already commercially
Hence, here we propose a cryogenic neutron detectfygjlable as infrared detectors. Such an imaging neutron de-
that comprises an InSb semiconductor detector and a sUP&cior would be a powerful tool for ultrasmall-angle neutron
critical helium-3 gas neutron converter. The detector W°U|dscattering experiments where a detector with high position

resolution and high counting rate is required.
¥Electronic mail: tats@stsp2a0.tokai.jaeri.go.jp In this article, we report on results obtained from the
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‘g f‘ K). At pressures above 1.15 atm, helium-3 is supercritical
Z S ; with no clear separation of gas and liquid. The density of
mﬁ?’m helium-3 at 1.5 atm and 4.2 K was estimated as 0.0194
Gas inlet §§ gcm 2 by solving the equation of state with empirical virial
B . constants, where the density corresponds to that at 160 atm
Signal line at room temperature.
(b) top view The basic characteristics of the neutron detector were
FIG. 1. Schematic views of the cryogenic neutron detector comprising ainvestigated using thermal neutrons in the T-1 beam line,
InSt-) sémiconductor detector and a supercritical helium-3 gas converter. T| RR-3M, at the Japan Atomic Energy Research InStItUte_'
Neutrons enter the detector from the back of the InSb semi-

detector operates at up to 1.5 atm at 4.2 K.
conductor and are absorbed in helium-3. Secondary

neutron detector proposed above. We confirmed the opera’Pﬁrf['CleS—sa 574 keV proton and a 191 keV triton—created
ing principle of the detector equipped with a single InShduring the’He(n,p)T reaction are emitted in opposite direc-
semiconductor detector. The detector successfully detectdtPns- Neutrons are counted by the detection of either a pro-
neutrons at 4.2 K in gas pressures up to 1.5 atm, where tH@N Or & triton by the InSb detector which is placed in a
density of the helium-3 nucleus corresponds to that #60 backward direction relative to incident neutrons. The count-
atm at room temperature. Here we describe the structurd)d rate of the InSb detector was set at less than 1000 cps by

operation, and neutron-detection characteristics of the dete€®llimating the neutron beam. .
tor developed. The signal line of the detector was taken outside the

high-pressure chamber and connected to a preamplifier
Il CRYOGENIC NEUTRON DETECTOR (modgl 2003BT, Canberyaoperating at room tempe@ure.
The distance between the detector and the preamplifier was

The structure of the developed cryogenic neutron detecabout 1 m. The signal pulses were amplified and shaped into

tor is shown in Fig. 1. The InSb semiconductor detector meanear Gaussians at the spectroscopy amplifi@anberra,

sures 57 mn? and is 0.4 mm thick, and is attached to a 2021) with a shaping time of 1.5:s, and the pulse heights

1-mm-thick copper plate by indium solder. Details of thewere analyzed by a multichannel analyzer. Signal pulses at

fabrication of the detector and the basic characteristics othe preamplifier outputs were viewed on an oscilloscope.

alpha detection can be found elsewh&figne InSh semicon-

ductor detector was fixed inside the gas chambersby

CAST. The chamber is made of SUS 304 and can withstangi|. EXPERIMENTS

pressure up to 15 atm. The neutron-absorption space is aboRt N q . 4.2 K with |

3.6 mm deep, which is set by the geometrical gap between” eutron detection at 4. with low gas pressure

the InSb semiconductor detector and the window of the gas We first checked the operation of the InSb semiconduc-

chamber. Helium-3 gas was introduced into the chambetor detector at 4.2 K with dilute helium-3 gas. Figure 2

through a SUS tube with an inner diameter of 1 mm, and theshows the pulse height distribution obtained at a gas pressure

gas pressure was adjusted from 0 to 1.5 atm by the outer bultif 0.012 atm. The two peaks are clearly evident: their height

and a regulator. The chamber was immersed in liquidatio is 2.98:0.01 (mean=SD) and the number of counts

helium-4 in order to cool the InSb detector and the intro-under each peak was almost the same. These peaks can be

duced helium-3 conversion gas to 4.2(&t this temperature attributed to protons and tritons created in thée(n,p)T

the helium-3 stays in gas phase since its boiling point is 3.1%eaction.

Charge output x10"°C)

FIG. 2. Pulse height distribution obtained by the InSb detector operated at
4.2 K. Helium-3 gas was filled at 0.012 atm.

7,
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FIG. 3. Rise-time(10%—-90% distribution of neutron signal pulses from 0 0 Channel (ch) 100 150
the InSb detector at 4.2 K and 0.012 atm. Inset shows one of the preamp
lifier outputs. The rise time of the signals was 8t24.5 ns. (@) 0.012 ~ 0.16 atm

000
Figure 3 presents analyzed results of the 10%—90% rise

time of the preamplifier outputs. One of the typical pulses is
shown in the figure inset. The rise time of the preamplifier
output was 81.Z224.5 ns. The pulse shape and rise time
were hardly altered when the gas pressure was increased tg 2000

1.5 atm. ]

B. Pulse height distribution and detection efficiency

ounts (1/100 s

We evaluated the pulse height distribution at gas pres-g 1000

sures of 0.012—-1.51 atm at 4.2 K. Figuréa)&and 4b) show
the pulse height distributions at gas pressures of 0.012-0.1.
and 0.16-1.51 atm, respectively. Double peaks are particu
larly evident in Fig. 4a), with the width of the higher peak
decreasing and the shape degrading as the gas pressure |
creases. The width decreased up~t6.1 atm. At pressures
above 0.16 atm, the total sum counts reduced while the pulst
height distribution remained approximately constant, as (b) 0.16 ~ 1.51 atm
shown in Fig. 4b). The shape of the smaller peak was vir- FIG. 4. Pulse height distributions of the InSb detector at gas pressures of
tually the same at all gas pressures. 0.012-1.51 atm at 4.2 K.

Figure 5 shows the peak channel of the larger pulse and

the sum countgin channel 46 and aboyen Fig. 4 as a ¢ the InSb detect K t this st Th

function of the filled gas pressure. At the peak position, théayer ot the in etector was unknown at this stage. The

reduction in the pulse height stopped-ad.1 atm with nearly detector operates as stopping-power sensitive when the range
ﬁ: the secondary particle is shorter than the thickness of the

C

0 50 100 150
Channel (ch)

the same pulse height being sustained at higher gas pres- letion | d itive in th 't
sures. On the other hand, the sum counts corresponding FPIetion fayer, and as energy Sensilive In the opposite case.

detection efficiency increased with pressures up to a maxi- | the stopping-power mode, the ratio of the stopping powers

mum of 0.12 atm, and then decreased with the gas pressur%{.1
The sum counts were reduced by about half at 1.5 atm. ¢

protons to tritons should determine the ratio of the peak
annels in the pulse height distribution. The calculated ratio
of the stopping power between protons and tritons is
1.4-1.6% which is about half the ratio evident in Fig. 2. On

IV. DISCUSSION the other hand, the ratio of the initial energy of the particles,

A. Characteristics of the InSb detector at 4.2 K i.€., Eproton! Eiton=3-0(574/191 keV), should be observed in
o the energy-sensitive mode. This agreed well with the mea-

1. Identification of the peaks sured ratio, and hence we concluded that the InSb detector

Here we discuss the identification of the two peaks obwas operating in energy-sensitive mode, where the larger and
served in the pulse height of the InSb detector. The InStksmaller peaks in Figs. 2 and 4 correspond to protons and
detector is sensitive to both the particle energy and stoppingitons, respectively. From the peak value of charge output by
power, depending on the thickness of the depletion layer angrotons, the effective energs.; to create an electron—hole
the range of the particle in InSb. We did not know which pair in the InSb was estimated as 3.6 eV. This value was
mode of operation the detector was in since the depletiombout 1 order of magnitude larger than that simply estimated
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LI LN BB I RLELIL BB BB LR of magnitude better than that reported previodsiyo rea-

] 140 sons for this areii) imperfect charge collection due to

] charge trapping in the InSb aril) a reduction in the inher-
ent electric field in the depletion layer due to the presence of

a plasma column.

We applied a bhias voltage @f0.05 V to the InSb detec-
tor to improve the charge collection. However, this caused
large fluctuations in the baseline preamplifier output and neg-
ligible improvement in charge collection; this is attributable
to the low resistance of the InSb detector, which near a zero
bias voltage is 1.5® at 4.2 K. Therefore, changes to the
InSb detector, such as in the detector structure, purification
of the material, and better crystal growth, are needed to im-
prove the time response and charge collection characteristics.
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1. Pulse height dependence on gas pressure

G. 5. Sum counts and ium- - i . : PETR

EL'"e A2k peak channel of the proton peak vs helium-3 pres- g neqk position in the pulse height distribution was
related to the applied gas pressure, as shown in Fig. 5. This

dependence on gas pressure can be understood qualitatively

by taking account of the averaged energy |6Esof a proton

in the gas. The peak position in the pulse height distribution

o ) . should be proportional t&— 6E, whereE is the initial en-

2. Estimating the thickness of the depletion layer ergy of a proton. The averaged energy loss of a secondary

The depletion layer of InSb should be larger than theparticle in the gas is

range of a proton in the InSb since the InSb detected the full

energy of the proton. The ranges of a proton and a triton in - sge > (dE/dx);AX;, 2)

InSb (p=5.78 gcm®) were estimated at 5.8 and 1M, i

respectively’ On the other hand, the InSb detector could Notyhere @E/dx); is the stopping power of a proton in the gas,

measure the full energy of alpha particles, which hav_e a calizg Ax; is a distance component equal to the range of a

brated energy of 3.91 MeV from o&f‘lAm. source with @ hrot0n divided by an integer. The summation on the right-

thin gold coating filmf: The energy deposited by the alpha hang side is carried out along the track until the proton

particles was estimated to bel.6 MeV from the measured |oaches the InSb detector.

value of eg;. From this result, we determined the thickness  \nie now consider the low-pressure case where the range

of the depletion layer in the InSb detector-a8.5 um from ¢ the proton is much longer than the depth of the neutron

the range of the alpha particles deposited in the InSb. For thgysqhtion space of the detector. In this case, the energy loss

case of nel_,ltron d_et_ectlon, the depletion Igyer should not bgs the proton in the gasyE, should be negligibly small for

too large since this increases the absorption of gamma raygsst neutron events. Increasing the gas pressure increases

and x rays, and hence the background signal. From thesge energy loss in the gas, and this should decrease the peak

con3|dfarat|ons, we found thqt whgn it was operated at NeHosition (xE— SE). On the other hand, at a much higher

zero bias voltage, the depletion thickness of the InSb detegsessyre where the range of a proton is shorter than the depth

from the energy gap of the InSb, inferring significant imper-
fection in the charge collection by the InSb detector.

tor was optimal for the detection of neutrofisotons. of the neutron absorption space, the energy loss of a proton
in the gas should be constant regardless of the gas pressure
3. Time response of the detector since the dependence of the stopping power and the track on
The charge collection time in the InSb detector is esti-the gas pressure cancel out; i.edE(dx);cp and Ax;
mated from the following formula: ~1/p. Hence, the reduction in the peak channel should not

t~d? uV ) be observed at a sufficiently high gas pressure. Actually, the

b measured peak channel was reduced by up to 0.1 atm and
whered is the thickness of the depletion layer,is the car- nearly the same peak channel was maintained at a higher
rier mobility of carrier, andVy, is the bias voltage. In our pressure. Therefore, the above explanation seems plausible.
InSb detector, the charge collection time becomes ideally The pulse height distribution remains the same even at
~0.01 ns(taking the mobility of electronsu, as 78000 high pressure. This feature enables discrimination of neutron
cn?V 1s ! and the inherent bias voltagd, as 0.68 \J.”  signals from the background by simply setting a constant
The fast rise time of the preamplifier output 6fLO ns was pulse height level at a particular filling gas pressure. This is
expected from the time response of the electronic pulsera very useful characteristic for a neutron detector in which
However, although the observed rise time was slower thaneutron signals always need to be discriminated from the
this, the measured charge-collection time was about 1 orddrackground.
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