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Abstracts

A new type of neutron spectrometer, based on recoil proton
measurement, has been developed for diagnosing a DT fusion plasma.
This spectrometer has such advantages as: 1. direct measurement of
the neutron energy without the unfolding procedure, 2. relatively
high detection efficiency for 14 MeV neutrons, 3. a wide dynamic
range of counting rate, and 4. perfect n-y discrimination. To examine
the performance of this spectrometer, we developed a Monte Carlo
simulation code. It predicts that we may achieve energy resolution
up to 3% with a detection efficiency of 10-5 [count cm?/n] if we could
successfully adjust the condition of the spectrometer. A prototype
spectrometer was constructed and was compared with the Monte
Carlo prediction. The energy resolution of 5.3:0.7% for 14 MeV
neutron was obtained for the prototype spectrometer and the
calculation agrees with the experimental results within its margin of
error if we take into account the intrinsic energy resolution of the

detector that is used in the prototype.

1. Introduction

A number of diagnostic systems have been developed and
applied to plasma experiments on magnetically confined fusion
devices. Among them, neutron measurement gives information
about the fusion output, the behaviors of fast fusion product
particles, ion temperatures, deuteron density and so on [1-3]. In DT
burning experiments, many conventional diagnostic devices will
suffer from the neutron and gamma ray irradiation, and therefore
the role of neutron diagnostics becomes more important [4].

Plasma parameters obtainable from neutron spectrum

measurement depends on its energy resolution (AR). When it is
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measured with high resolution, we can determine the plasma ion
temperature, T; from the Doppler width, AEp, of the DT neutron peak
by using the relation of T;~ (AEp/177)2, where Ti and AEp are in
[keV]. Generally in large tokamaks such as JT-60U, JET and TFTR, the
ion temperature of the plasma is about 5 to 30 keV. Therefore, the
required AR of a spectrometer is about 3% at the DT neutron energy.
Even if the energy resolution of the spectrum is not fine enough to
determine T;, the total amount of neutron yield and the spatial
distribution of neutron emission are obtainable, which are also of our
great interests. In this case, the energy of the neutron is measured
in order to identify its origin of the reaction, €.g., DT reaction, DD
reaction, or (y, n) reaction etc.

The time resolution is another important parameter of the
measurement since the plasma parameters are changing with time.
Because the slowing-down time of 3.5 MeV o-particle (to) is one of
the most important time scales in the fusion experiment (typically, Ty
> 10-1 sec for the electron density less than 3x1020 [electrons/m3] at
Te= 10 keV), it is preferable to set the time resolution less than 0.1
sec. In order to get enough count (>102 counts) during this period, the
count rate capability (C¢4P) of the spectrometer should be greater
than 103 cps. In the DT experiment at TFTR and JET, the DT neutron
flux of 108~1010 nfseccm? is expected at the place where the neutron
spectrometer is located. To obtain the count rate over 103 cps, the
detection efficiency (M) of the spectrometer must be greater than 10-35
count-cm2/n.

Therefore, the required performances of the neutron
spectrometer for DT plasma diagnostics are AR<3%, n>10-3

count-cm?2/n, and Cc2p>103 cps.




To satisfy these conditions, a modified recoil counter telescope
was developed. In a conventional recoil counter telescope, a thin
polyethylene film is used as a radiator. In the present spectrometer,
this thin film (~10um) was replaced with relatively thick scintillator
(2mm) and the energy deposit of a recoil proton in the radiator was
measured.  With this modification, the detection efficiency was
increased without deteriorating the emnergy resolution of the
spectrometer, The idea is similar to that of the spectrometer being
suggested by Mozley et.al.[8] and constructed by Calvert et al.[9] and
Gellar et.al.[10] in the field of nuclear physics. Gellar used stilbene
scintillator as a radiator and this scintillator was coupled with single
photomultiplier tube. In the present spectrometet, the NE102A
plastic scintillator was used with two photomultiplier tubes so as to
increase the count rate capability and to discriminate the noise of
PMT signals by coincidence technique.

Actual sizes and costs are other aspects of a spectrometer for a
fusion experiment.  These are important in measuring mneutron
emission profiles and ion temperature profiles of a plasma since
certain numbers of detectors are needed to achieve a good spatial
resolution, and the space around plasma devices to install those
detectors is usually quite limited.

In this paper, we show the properties of our spectrometer that
were obtained through the calculation and experiment. In Chapter 2,
the detection principle is described and the calculated performances
of the spectrometer is presented. The experimental results are
shown in Chapter 3. Finally, the overall performance are discussed

in Chapter 4 and a conclusion is given in Chapter 3.



2 Estimation of the Spectrometer Performances

2.1 Principle of Measurement

The spectrometer consists of two detectors as shown in Fig. 1,
where neutrons are coming from the left hand side and enter into
the detector #1. Some of protons are recoiled by the incident
neutrons and these protons fly to the detector #2. The volume
between two deteciors is vacuum so that the recoil proton will not

lose its energy.
The energy of the incident ncutron, E,, can be expressed by
Ey = Ep sec?0, (1)

where Ep represents the energy of the recoil proton and 9 is the
recoil angle with respect to the incident neutron direction. The recoil
proton loses a part of its energyin detector #1, Ej, and the rest in

detector #2, E». Then,

Ep =E; +Eyp, (2)

As can be seen in Fig. I, the recoil angle of the proton that enters into
detector #2 is limited by the sizes of detector #1 and #2 and by the
distance(l) between them. This limitation can be expressed as

0 <0 < arctan{(r1+12)/£), or (3)

1 < sec20 < 1+{(r1+12)f)2, (4)

where 11 and 12 are radii of detector #1 and detector #2. If we
choose ri+rp << [, we get sec28 ~ 1. In this case, Eq.(1) becomes Ep =

En. Using this relation and eq.(2), we get

Ep~Ej +Ep (2)'




2.2 Energy Resolution
Energy resolution of the present spectrometer can be expressed

as follows

AEot2 = ABgei + AEgeo? (5)
AEger? = <AE1Z>13 + <AEp2>1, (6)

where AE;y is total energy resolution of the spectrometer. AEge is
energy broadening due to the intrinsic energy resolution of detector
#1 and #2, and AEg, that due to the geometrical configuration. <>17
denotes an average over the distribution of (Ej,E;), which can be
obtained from the calculation described in chapter 2. The energy
resolution of each detector (AE;, i=1,2) at a certain energy is
considered to be proportional to the square root of the energy

deposit (Ej, i=1,2) in each detector, i.e,
AE; = aj-(E)1/2, (7)

where ao; is a parameter determined by calibration experiments,
using internal conversion electron from 137Cs and 207Bi. The result
are shown in table 1.

There are two types of geometrical effects that appear in the
energy resolution. One depends mainly on the ratio (rj+rz)/l and
appears in the second term of the eq. (5). This effect strongly relates
to the restriction on the recoil angle by the configuration of the
spectrometer.  Another effect depends on the thickness of detector
#1, di. This effect appears in the first term of eq. (5) through the
distribution of (E1, Ep), especially when the energy of the incident

neutron is relatively low.



2.3 Detection Efficiency
Total detection efficiency of the spectrometer, 1ot
[count-cm2/n], is the product of the neutron detection efficiency of

the detector #1, N1 [count-cm?/n], and the geometrical efficiency, €gc0,

Niot = N1 - €geo. (8)

Here, €geo, the probability that a recoil proton is detected in the
detector #2, was determined by a Monte Carlo calculation. T1}1 can be

calculated by

m = St Xy {1-exp(-Zpd1)}/Z, (9
Zp = nHGPH(E) (1 0)
X = nyGHE) + ncGc(E) (11)

where Sj:area of detector #1 (=1tr12 [cm2])

d; :thickness of detector #1

Zp(E) :macroscopic cross section for (n, p)
scattering of the detector #1

Z(E) :macroscopic total cross section of the
detector #1

OpHE) 'microscopic cross section for (n, p)
scattering of Hydrogen atom

O4i(E) :microscopic total cross section of
nuclide 1 (where i= C,H)

ni:density of nuclide i in detector #1

Similar to the energy resolution, the thickness of di and the ratio
(ri+12)/l affect on the detection efficiency and their influences appear

in M1 and €geo, respectively.



2.4 Monte Carlo Calculation

Based on the principles described above, we developed a Monte
Carlo calculation code that simulates the detection process of the
spectrometer. Using this code, it is possible to estimate the energy
resolution and the detection efficiency, and consequently to choose a
suitable configuration for various purposes.

The calculational model is shown in Fig. 2. The thickness (dj)
and the distance ([) are varied in the calculations. The other
parameters, such as dp, r; and rp, are fixed as shown in table 2.
'Japanese Evaluated Nuclear Data Library version 3', JENDL3, is used
as a neutron cross section data set.

The results of the calculation are shown in Fig. 3. The total
energy resolution, AE;q, and the detection efficiency, Miot, are
expressed with contours in these figures. In general, the total
resolution and the detection efficiency increase as dj increases and as
{ decreases. Both AEy and My, do not change with di when djp is
larger than ~2mm. This length is equivalent to the range of 14.1MeV
proton in NE102A. When the thickness of the detector #1 is larger
than the range of the recoil proton, there exists a 'Dead Region'.
Protons produced here cannot reach the detector #2.  As these
protons only generate accidental coincidence signals, the thickness of
the detector #1 should be chosen carefully in accordance with the
energy range of the neutron that we are interested in.

The increase of AE(y; with d; is due to the increase of the
average ratio of Ej to By, <E1/E;> 12, because the energy resolution of
detector #1 is much worse than that of detector #2 in the calibration

done here.  This average ratio expresses the amount of the



contribution of detector #1 to the total energy resolution of the
spectrometer.

It can be seen in Fig.3(a) that the present spectrometer fulfills
the requirement of the total detection efficiency for fusion neutron
measurement, i.e. Mio.> 103 [counts-cm?2/n], at any point of the
calculated region. It also satisfies the requirement of the energy
resolution, i.e., AE(o/E £ 3%, in a subregion of Fig.3(b). From these
figures, we can conclude that the thickness (d;) ~0.8mm and the

distance ([} ~200mm are the best choice for our purpose.

3. Experiment

A prototype spectrometer was constructed and tested using an
intense deuterium-tritium neutron source at Osaka University in
Japan (OKTAVIAN). Monoenergetic neutrons (fwhm~3%) of an
average energy of 14.8MeV on the zero degree line were used. The
spectrometer was placed on the line at a distance of 141 c¢cm from the
target (see Fig. 4). To monitor the flux and energy spectrum of the
neutrons at this angle, several kinds of activation foils (Al, Ni and Nb)
and 'time-of-flight' (TOF) neuntron monitor (NE213) were placed at a

distance of 21 cm and 646cm from the target, respectively.

3.1 Prototype Spectrometer

Figure 5 shows a schematic drawing of the prototype
spectrometer assembly. A plastic scintillator (NE102A) and a Si(Li)
semiconductor detector were used as the detector #1 and #2,

respectively. The sizes of these detectors are shown in the table 3.

The plastic scintillator was installed ir an aluminum cylinder
with inner polished surface (hollow light guide) and was optically

connected to two photomultiplier tubes through it.  These two



photomultiplier tubes (HAMAMATSU RB329-02) were placed to face
the cylindrical side surface of the scintillator so that they would not
disturb the incident neutrons and the recoil protons. Since the photo
tubes did not directly see the right hand side flat surface of the
scintillator in Fig.5, this side was coated with the evaporated
aluminum in order not to lose the right going scintillation light and to
shield the second detector, optically. On the left hand side flat
surface of the scintillator, a Lucite lens was attached to extract the

scintillation light effectively to outside from the scintiliator [10].

3.2 Electronics System

Fig. 6 shows the block diagram of the electronics system. The
signal of the detector #1 was obtained via two photomultiplier tubes,
where the fast coincidence technique was applied to eliminate PMT
noises. The bias voltage of photomultiplier tubes was adjusted so
that the linear signals of them would have the same pulse height for
the Compton edge of 137Cs gamma ray. Gate signals for true events
were generated by the SCA output of TAC, which analyzed the time
difference between timing signals of the detector #2 and the
coincidence signals of fast outputs from two photomultipliers of the
detector #1. The time differences (AT) between the signal from the
detector #1 and that from the pick-up ring of the accelerator were
measured to distinguish the neutron events from that of target

gamma rays.

The time difference signals (AT) and the linear signals of the
detector #1 and #2 (L; and Ly) were digitized by three CAMAC ADCs

(LeCroy 3512) using a 'event-by-event’ mode. These data were



stored in the vector form of (L;,L, AT) in a personal computer (NEC
PC9801).

The counting rate of detector #1, CR; after the coincidence of
two photo tubes, and the coincidence event rate of the detector #1
and #2, CR,, were recorded by scalars and was used to estimate the
detection efficiency and accidental coincidence rate.

The zero offsets of the electronic system in the L, and L,

signals were determined by using a mercury pulser.

3.3 Experimental Result

The monoenergetic neutron events are expected to appear on a
specific linear line in an E;-E; plane due to the relation of eq.(2).
Figure 7 shows an example of (L;,1.,) distribution obtained in our
experiment. In Fig.7(a), events due to the DT neutrons appear
around a line ¢ with a certain broadening of AL(L{, Ly). This
broadening was mainly caused by the intrinsic emergy resolutions of
the detector #1 and #2.

The data shown in Fig.7(a) includes all events, i.e. the events
due to the target y-ray, the accidental coincidence and the true
events.  Most of the events due to the target y-ray can be
discriminated by the AT signal. Fig. 8 shows the histogram of AT. In
this figure, the right peak and the left peak correspond to the events
of the target y-rays and those of the DT neutrons, rtespectively.
Fig.7(b) and (c) shows the distribution of (L,,L;) due to the y-ray and
neutron, respectively. The y-ray events concentrate around the
lower left side corner of the distribution because the detector #1 and
#2 do not have enough thickness for y-rays and Compton electrons to

lose large amount of their energy. This is a big advantage of our




spectrometer.  Using this feature, we can easily discriminate the Y-
ray events from the DT neutron events without using the AT signal.

To determine the effect of accidental coincidence, the
background run was also performed, where a Ta plate was placed
between detector #1 and #2. Fig. 7(d) shows the result of
background run, where the y-ray events identified by the AT signal
are removed.

Figure 9 shows the one dimensional pulse height spectrum
(PHS) that is obtained by projecting the points in Fig. 7 onto the
vertical axis (L,-axis) along the line ¢ The pulse height spectra
shown in this figure are normalized with the measurement time and,
moreover, that of the background run is normalized by the count
rate of detector #1 so that it has same source intensity as the
foreground run does. The zero points of the electronic system are
also projected onto Lj-axis and they locate at 2.78+0.04 [ch.] in these
figures. Fig. 9-(c) shows the PHS due to the true evenis, which is
obtained by the subtraction of the background PHS from the
foreground PHS.

Measuring the 5.45MeV o-ray from 241Am by Si(Li) detector,
the energy calibration data was obtained. In Fig. 9-(c), 49.1 channel

corresponds to the energy of 5.45MeV.
4. Discussion

4.1 Energy Resolution of the Prototype Spectrometer

From the TOF measurement of the neutron between the T
target and the NE213 detector, it is observed that the energy of the
neutron on the 0 degree line is about 14.8MeV. This agrees with the
theoretical prediction. Therefore, the peak position of the PHS in Fig.
9-(c) is set to be 14.8MeV. By using this result and the projected



zero points, this PHS is transformed to the neutron energy spectrum
as shown in Fig.10. Here, vertical axis is in the unit of
[n/cm2-sec-MeV], which includes 'dead time' correction factor of ADC
and efficiency correction factor calculated with the Monte Carlo code
as shown in Fig.1l. In this figure, the DT neutron peak locates at
14.8+0.1MeV. If we calibrate the horizontal axis of the PHS with the
peak position of the 5.45 MeV o-ray, the DT neutron peak appears at
3% lower. The difference is likely autributable to lack of calibration
data point or its too low pulse height.

The FWHM of the DT peak in Fig.10 is 0.91+0.10MeV, i.e.
6.1+£0.7%. Considering that the energy broadening of the source
neutron was about 3.0+0.4% [11] in this kind of experiment, the total
cnergy resolution of the prototype spectrometer is 5.3+0.9%. This
agrees with the Monte Carlo prediction (5.2%.) within its
experimental error.

In the prototype configuration, the restriction on the recoil angle of
the proton being detected is so tight that the contribution of AEgeo to
AEot can be neglected and the total encrgy resolution of the
spectrometer (AE;q;) is determined only by the intrinsic energy
resolution of the detector #1 and #2 (AEde:) as shown in Fig.12. Since
the contribution of AEgeo to AEs; is small enough when the distance [
is longer than 180mm, this can be shorten to increase the detection

efficiency without disturbing the total energy resolution.

4.2 Detection Efficiency of the Prototype Spectrometer

The performances of the prototype spectrometer are
summarized in table 4. The experimental detection efficiencies in
this table were calculated from the count rates (CRs) and the neutron

flux (¢) using the following equations:




Ntot = CReolue / (12)
yll = CRjtue / ¢ (13)
€geo = CRotrue / CRjtrue (14)

where the neutron flux (¢) was measured using the activation foil
and was (2.6+0.2)x103 ([n/cm2sec] at the place where the
spectrometer was placed. Using the count rate and the coincidence
rate at the foreground and background run, the count rate due to the

true events (CRjtrue, CR.ol™€) can be expressed as follows:

CRitree = rpfore . CR ;fore (15)

CRplrue = yfore. CRofore - frpback . CRback, (16)

Here, the neutron ratio, rp, is the ratio of the neutron events to total
events and is obtained from the data shown in Fig. 8. Together with
rp, the count rate of detector #1(CR;) and the coincidence rate
between detector #1 and #2(CR.,) are shown in table 5. The
correction factor (f), which eliminates the effect on the accidental
coincidence rate due to the source intensity difference between

foreground and background run, can be expressed:
f = (Cleore/ CRIback)2 (17)

The detection efficiencies shown in table 4 agree with the
Monte Carlo prediction within its margin of error. These agreements
in the detection efficiency and the energy resolution prove that the
Monte Carlo Calculation is proceeded appropriately.

Since the distance [ c¢an be shorten to 180mm without
deteriorating the energy resolution of the spectrometer, the detection
efficiency of the prototype can be increased to 2.8x10-4

[count-cm2/n] as shown in Fig. 12.



4.3 Count Rate Capability of the Prototype Spectrometer
The count rate capability of the whole spectrometer system
(Ctor2P) is determined by the product of the count rate capability of

the detector #1 (C;°2P) and the geometrical detection efficiency (€geo):
Cioi®aP = C13p . gg¢0 (18)

In the prototype spectrometer, C;¢aP depends on the count rate
capability of the NIM module and is about 105 cps. Since €geo IS about
10-3, the Cy°aP of the present system is about 102 cps.

A new spectrometer system, which uses fast NIM modules and
has shorter [ (=180 mm), is under development. In this new system,
the C1¢2 is improved to 107 cps and €g¢0 is doubled. Therefore, it is
expected that this new system has the total count rate capability of
up to 2x104 cps, which corresponds to the neutron flux of 10+9

[nfem2 sec].

5. Conclusion

A new type of neutron spectrometer, based on recoil proton
measurement, has been developed. The basic performance of this
spectrometer was examined both by the experiment and calculation.

It 18 confirmed by the Monte Carlo Calculation that this
spectrometer can achieve the required performance of the neutron
energy spectrometer for the DT plasma diagnostics, i.e. energy
resolution < 3% and the detection efficiency > 10-5 [count-cm2/n] for
14MeV neutron.

A prototype of this spectrometer was constructed and was
tested using DT monoenergetic neutron source at Osaka University.
The energy resolution of 5.3+0.7 [%] and the detection efficiency of

(1.3+0.2)x10-% [count-cm?/n] were obtained and they agree with the
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results of the Monte Carlo Calculations within their margin of errors
if we take the intrinsic energy resolutions of the detectors which
were used in the prototype. The present count rate capability of the
spectrometer system is about 102 [cps], which are mainly resulted
from the performances of the NIM modules. By replacing critical
modules to the fast ones and rearranging the geometrical
configuration of the prototype, this capability will increase to 104 cps,
which corresponds to the neutron flux of ~109 [n/cm2Zsec].

It is observed that the events due to the y-ray did not affect
the spectrum of DT neutron. Therefore, this spectrometer is suitable
for the DT plasma diagnostics since a lot of y-rays are induced by the
neutrons during discharges.

Compactness and inexpensiveness are other advantages of the
present spectrometer although they were not estimated in this text.
Especially for the profile monitoring of plasma, where a lot of
spectrometers are expected to be used in a very narrow space, these
properties become really important.

Currently, another prototype spectrometer has been under
development and planned to install in the coming DT experiment at

TFTR.
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Table t Resolution parameter, o, as defined by Eq. (7). In an ideal
model, measured parameter a of NE102A that is directly connected to
the PMT, and that of SSBD was used for detector #1 and #2,
respectively. Here, internal conversion elecirons from 137Cs and
207Bi were used for NE102A and o-particie from 241Am were used
for SSBD. In the case of protoiype spectrometer, the actual value oi
each parameter was measured for each detector.

o (detector #1)

a2 (detector #2)

Ideal

1.38x10-1

3.15x10-3

Prototype

1.91x10-!

1.17x10-2

Table 2 Sizes of the detector #1 and #2 used in the calculation. The
thickness (d{) and the distance ([} are varied from 0.2mm to 3mm
and from 100mm to 300mm, respectively.

detector #1

detector #2

Radius (r) [mm]

20

20

Thickness (d) [mm]}

0.2 - 3 (varied)

3

Table 3

The sizes of the prototype spectrometer.
between detector #1 and #2 are 280mm.

The distance

* The radius of detector

#2 is estimated from the size of its effective area (= 500mm?).

detector #1

detector #2

Type of detector

NE102A scintillator

Si(Li) detector

Radius (r) [mm]

21

12.6*

Thickness (d) [mm]

2

5




Table 4 The performances of the protoiype spectrometer for 14.8MeV
neutron.
AE/E [%] TtHot N1 €geo
[count-cm?/n] [count-cmZ/n]
Experiment 5.3+0.7 (1.3+0.2)x10°4 | {1.0+0.1)x10°2 | (1.3+0.1)xi0-3
Calculation 5.2 1.2x10-4 8.9x10-2 1.3x10-3

Table 5 List of CR and rp.

(rn) are obtained from the data shown in Fig. 8.

The ratio of neutron events to total evenis

Count Rate of Detector#l Coincidence Rate neutron
CR1 [cps] CR, [cps] ratio: rn
Foreground 320.2+0.3 0.46+0.02 0.83+0.03
Tun
Background 330.2+0.3 0.057+0.004 0.78+0.08
run
True events 265411 0.34;0.04 -




Detector#t Detector#2
& da

&

Incident > [ P
neutron e i e

>

vacuum

—T %"
Recoil
proton
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Fig.5 Schematic drawing of prototype spectrometer assembly.
Each Chamber can be changeable in accordance with our purpose
of measurement.
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a) Foreground total events b) Foreground gamma ray events
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Fig. 7 Obtained (L1,L2) distribution., Because of the walk of the
timing signais from the PMTs in the detector #*1, the higher portion
of the L1 signal were lossed. The distibutions (a),(b) and (c) are
obtained through the foreground run. The distribution (a) are due to
whole events, (b) to Y-ray events, and {(c) to neutron evnets. The
distribution (d) was obtained through background run which express
the (L1,L2) distribution due to the accidental coincidence events. The
y-ray events are eiiminated in the distribution (d).
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