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Abstract

The response of a l-inch diameter by 6-inch long 3He proportional counter, of which
the gas filling is 4 atm 3He and 2 atm krypton, to axially incident neutrons has been studied
and expressed as a 50 by 50 matrix for an energy range from zero to 5 MeV. Applications
of the matrix were examined for the purpose of obtaining response-corrected spectra of
neutrons transmitted through a matter.

1. Introduction

Recently a 3He-filled proportional counter has been used as a neutron spectrometer,
since it has some advantages for this purpose.)-% The 3He(#, p)T reaction is suitable
for neutron spectroscopy, because its reaction cross section is reasonably large and
varies slowly with energy, and the Q-value of the reaction (Q =764 keV) is large enough
to separate the pulses due to neutrons from gamma-ray pulses.

There is ambiguity in the pulse height distribution originating from monoenergetic
neutrons, excluding the intrinsic Gaussian distribution of pulse-height. The am-
biguity is caused by elastic scattering of neutrons by counter gas and wall- and end-
effect.

The pulse-height distribution obtained by a 3He counter for monoenergetic neutrons
is mainly composed of three parts: 3He(z, )T reaction peak, the location of whose top
is at the sum of energy Q and incident neutron energy £, 3He-recoil distribution
from 0 to 4 £,, and wall- and end- effect distribution from 0 to £,--Q. Contribution
of the 3He(7,d)D reaction is negligibly small, because of a high threshold energy (4.3
MeV) and a small cross section.
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In the practical application, a 3He counter usually indicates a large thermal neutron
peak in the pulse height distribution. This is because there is a large amount of
background neutrons in a room and the thermal neutron cross section of 3He(z, p)T
reaction is very large (5,460 barns).

Some efforts have been made to reduce the complex pulse-height distribution to
the neutron spectrum. The risetime discrimination was applied to distinguish be-
tween pulses from the 3He(n, p)T and 3He(z, »)3He reactions.® A wall-less counter
was constructed to eliminate the wall effect.) The pulse-height distribution obtained
by a 3He counter was mathematically converted to a neutron energy spectrum by
using the response function matrix.3 4

In our study, the mathematical conversion method was chosen, because a wall-
less counter could not be obtained and the rise-time discrimination decreased the
counter efficiency. No response function matrix for a 1-inch diameter by 6-inch long
3He proportional counter, of which the gas filling is 4 atm 3He and 2 atm krypton,
has been reported. The response function of a cylindrical 3He-filled proportional
counter must be obtained experimentally or by the Monte Carlo simulation, because
it cannot be expressed by any exact analytic formula. The counter responses were
measured to various monoenergetic neutrons, and the response function matrices for
the neutron energy which range from zero to 5 MeV were calculated from interpolation
of the measured responses with FACOM 230-60 computer of Kyoto University. In
this paper, a table of the response function matrix composed of 50 rows by 50 columns
is presented.

2. Experimental

A block diagram of the measuring system is shown in Fig. 1. The 3He counter
used is 1-inch in diameter and 6-inch in active length, filled with 3He gas to 4 atm and

Fig. 1. Block diagram of the measuring system.

3He : 3He Proportional counter

P.A. :  Pre-amplifier (ORTEC Model 109 PC)

P.AP.S. : Pre-amplifier power supply

H.V. :  High voltage power supply

R.A. . Research amplifier (ORTEC Model 450)

A. :  Amplifier (ORTEC Model 485)

L.G. :  Linear gate and slow coincidence (ORTEC Model 409)
D.P.G. : Delayed pulse generator(”

M.P.H.A.: Multichannel pulse height analyzer
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krypton gas to 2 atm (Texas Nuclear Co. Model 9341), and is covered with 2.5 mm-
thick cadmium in order to reduce the thermal neutron back-ground.

Since the rise-time of pulses from a gas-filled proportional counter is not unique
and longer than the clipping time of an ordinary linear amplifier, a special sampling
method was applied to eliminate the effect of the spread of rise-time and to improve
the energy resolution. In the measuring system, the output pulses from the pre-
amplifier are fed to the research amplifier, where pulse shaping (differentiation and
integration) and amplifying are performed. The pulse height is sampled at about
10 psec after the start of the output pulse from the amplifier, by means of the delayed
pulse generator” and the linear gate and slow coincidence. These pulses are amplified
and fed to a multi-channel pulse-height analyzer. The energy resolution of this
system is about 7%, in F.W.H.M. (=about 50 keV) for thermal neutrons, while it is

Table 1. List of neutron energy used in this experiment.

Reactions Accelera(tl\lf{} Voltage Emezg:g:ete})ngle* Neutzg/xlle{*:];lergy Accelerators
1.5 90 0,147
1.8 90 0.272
1.26 0 0. 348
1.35 i 0 0. 455
1.5 30 0.525
1.52 0 0.642
2.70 90 0.754
1.73 0 0. 868
T(p, n)3He 1.8 0 0. 890 Van de Graaf
1.89 0 1.040
2.09 0 1.243
2.33 0 1.497
2.5 0 1.668
2.62 0 1.795
2.8 0 1.873
2.93 0 2.103
3.0 0 2.178
! 120 2.276
D(d. »)3He 0.2 i 28 g ;?g Cockcroft-Walton
‘ i 30 2.923
4.0 0 3.190
4.5 30 3.332 5
4.5 1 0 3.694
T(p. n)¥He 5.0 | 0 4197 (T}‘r‘:::m Van de
‘ 5.3 : 0 4,499
k 5.5 : 0 . 4,700
i 6.0 ‘\ 0 i 5. 202

* This angle indicates the polar angle between axes of accelerated particle beam and detector.
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about 159, or more with the conventional system.

For the purpose of counter response measurement, various monoenergetic neutrons
were produced from the T(p,#)3He and D(<, #) 3He reactions, using a Van de Graaf
accelerator and a Cockcroft Walton accelerator at the Department of Nuclear Engine-
ering, Kyoto University, and a Tandem Van de Graaf accelerator at the Department
of Physics, Kyoto University. The D-target and T-target used in these experiments
were solid targets that deuterium and tritium were adhered to zirconium which had
been evaporated onto copper in vacuum. The energy of the produced neutrons was
calculated by considering the energy losses of protons and deutrons. The responses
were obtained experimentally for 28 mono-energetic neutrons from 0.15 MeV to
5.20 MeV, which are listed in Table 1. The measured responses to 0.89 MeV, 2.48

MeV and 3.69 MeV neutrons are shown in Fig. 2, as examples.

T T T

er h T
!
i —= 0.89 MeV
~—an 248 MeV
— 3,69 MeV

COUNTS PER CHANNEL, ARBITRARY UNIT

i i)
0 50 100 150
CHANNEL NUMBER

Fig. 2. Measured counter responses for monoenergeric neutrons.

3. The Response Function Matrix

In this paper, two response function matrices are presented. One is the response
function matrix for the simple method,® 9 the other is that for the inverse matrix method,
etc.3 499  Both of them were interpolated from the measured counter responses and
normalized to the parallel beam of neutrons of an unit flux which was incident axially

to the counter,
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1) Modification of Measured Pulse-Height Distribution

The measured pulse-height distribution was modified to a response function

suitable for calculation of the response function matrix by the following procedure.

a) The Fast Neutron Peak

The following two assumptions were made. For the response function of the
inverse matrix method etc., the 3He(#, p)T full energy peak for fast neutrons is of a
Gaussian distribution, of which the width is proportional to the square root of the sum
of £, and Q, and the total counts are equal to those of the measured fast neutron
peak when the mono-energetic neutrons of an unit flux are incident axially to the
counter. The pulse-height at the maximum of the Gaussian distribution is proportional
to En+Q.

For the response function of the simple method, the fast neutron peak is not
Gaussian, but is rectangular, of which the width is equal to that of the energy group
(A£=0.1 MeV), and the channel of the pulse-height corresponds to £,-+Q.

b) The 3He-Recoil Distribution and the Wall- and End-Effect Distribution
We assumed that the pulse-height distributions due to the 3He(n,#)®He reaction
and the wall- and end-effect for fast neutrons are of the same shape as those of the

measured response.

¢) Estimation and Reduction of Thermal Neutron Contribution

The full energy peak and the wall- and end-effect caused by thermal neutron back-
grounds were removed from the measured pulse-height distribution by the procedure
shown in Fig. 3.

The response function for the thermal neutrons which are incident parallel to
the counter axis was calculated by the method described by Shalev et al.1® Writing
the distribution function for the pulse-height £’ as F(£’), the following relationship
is obtained for the wall- and end-effect and for the full energy peak due to thermal
neutrons, respectively. For the full energy peak, it can be expressed as

FplE) =1~ (Sphmixt. H(Sdmies) (1)
when D’ is defined as

1 1 1

=D Ter (2)
where D is the diameter of the counter, Z the active length of the counter, and (Sp)mixt-
and (Spmixt. the ranges of 573 keV protons and 191 keV tritons in the gas-filling
of the counter (4 atm 8He and 2 atm Kr), respectively. For the wall- and end-effect, it

can be written as
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n— 1 [{(Sp)mixt. dE (SOmixt. / dE
FW(E)_D' [{ (Sp)xs }/( dx )p+{ (St)xe } (dx >t] (3)
where (Sp)x: and (Spx: are the ranges of 573 keV protons and 191 keV tritons in

krypton, respectively, and (d£/dx)p and (d£/dx); are the specific ionization of protons
and tritons in krypton, respectively. This distribution was smoothed by a Gaussian

distribution, with a standard deviation equal to that obtained experimentally with
the counter. The calculated response function for the thermal neutrons is shown in
Fig. 3A.

Six points at both ends of the calculated thermal neutron peak were fitted to a
cubic equation with the least square method, and the total counts of the calculated
thermal neutron peak C; (the hatched partin Fig. 3A) were easily obtained. The sub-
traction of this thermal neutron peak from the response function gave the counts in
the 7-th channel of the pulse-height analyzer #;, which was due to the wall- and end-
effect for thermal neutrons, as is shown in Fig. 3A.

At last, six points at both ends of the thermal neutron peak in the measured pulse-
height distribution were also fitted to a cubic equation with the least square method,
and the total counts of the measured thermal neutron peak C;’ (the hatched part in
Fig. 3B) were obtained. The quantity #;C;’/Ct was subtracted from the pulse-height
distribution, Cy'(£5), which had already got rid of the full energy peak due to thermal
neutrons from the measured pulse-height distribution, as shown in Fig. 3B. Then
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20001 145 TOA
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z EQUATION EQUATION
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=
@
@ .
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=
<
T
S
x i 1 i
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(8] 1 |

0
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CHANNEL NUMBER
Fig. 3. A schematic illustration of the reduction of thermal neutron contribution.
(A) Calculated response for thermal neutrons.
(B) Thermal neutron peak part of measured counter response.
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the resultant pulse-height distribution, Cy"'(£5), after removal of thermal neutron peak
is described as follows,

G (Ep)=Ci'(En)—WiC' |Gy 4)

We used this distribution, C;"(&y), as the input data for the determination of the

response function matrix.

d) The Counter Efficiency

It was assumed that the pulse-height distribution caused by the wall- and end-
effect for fast neutrons extends linearly from zero to £,-+Q. The pulse-height dis-
tribution of the wall- and end-effect was fitted to a linear equation by the least square
method, from the channel which corresponds to 3/4Z, (point a in Fig. 4) to that of
the lower end of the fast neutron peak (point b) ,and it was extrapolated to zero energy
as shown in Fig. 4. The total 3He(zn, p)T reaction number for fast neutrons Cyp(£y),
which is the sum of the total counts of the fast neutron peak and those of the wall- and
end-effect (the hatched part in Fig. 4), was obtained. The efficiency ¢(£y) of a 3He
counter for the 3He(n, p)T reaction, when the parallel beam of neutrons is incident

axially to the counter and the effect of krypton is neglected, can be writted as

D E
e(B)="2". Zz"tfé%’;l[1—e—£:<%>b] (5)
2500 — T T T
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Fig. 4. A schematic illustration of the determination of the total
3He(n, )T reaction number for fast neutrons Cxp (£yp).
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where > ,,(£y) is the macroscopic 3He(, )T reaction cross section and Y¢(£5) is the
total macroscopic cross section. From Crp(&y) and e(£,), we can easily obtain the
response function R';(%Z,) normalized to neutrons of an unit flux which are incident

parallel to the counter axis. It is given by
Ri'(En)=Ci"'(En)e(En)|Cnp(En) (6)

2) Interpolation of the Response Function Matrix

The pulse-height higher than that corresponding to Q was adopted as the input
data for the response function, since the information to obtain the fast neutron spect-
rum is sufficient and the effect of gamma-ray back-grounds is almost negligible in
this energy range. The response functions calculated from Eq.(6) for 0.89 MeV, 2.48
MeV and 3.69 MeV neutrons are shown in Fig. 5.

From these response functions, two types of response function matrices, as described
at the beginning of this chapter, were obtained approximately.l) This is because the
amount of input data was not enough to give an exact calculation, and the response of
a 3He counter varied slowly with the incident neutron energy. The response function

matrix element R;; was obtained by using an approximate formula,

G(&r, B— 4212) 1 4G(EY, E,)+G( B, Byt é‘zﬁ) ir
) 6 - AE (7)

Ry=

where G(E'y, E;) is defined as

T ! T
=3 _
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Fig. 5. The response functions calculated from Eq. (6).
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Table 2. Response function matrix for the inverse matrix method, etc. £ represents the

center of the neutron energy interval (MeV), £’ the energy corresponding to the
center of the pulse-height interval (MeV). To yield the matrix elements, the
numbers in the table should be multiplied by 10-86.
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0.05
0.15
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1.05

4,95

17320 1298 337 498 436 388 384 281 346
278 7878 397 506 414 207 361 210 316
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0 137 1
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Table 2. (continued)

F] L5 115 12 135 L4515 165 175 L8 L9

0.05 308 409 836 1294 1457 1621 1869 1244 1072 1076
0.15 325 321 410 707 1152 1440 1532 1232 1025 928
0.25 259 276 276 328 466 851 1211 1194 1171 1022
0.35 218 237 250 256 267 343 617 867 1159 1142
0.45 190 232 241 258 246 240 273 394 764 1013
0.55 182 219 235 248 264 247 232 228 328 520
0.65 182 204 213 235 232 243 241 220 215 234
0.75 179 213 190 212 223 224 236 221 202 194
0.85 182 214 204 203 210 212 213 208 211 197
0.95 275 221 204 210 192 198 199 187 201 200
1.05 1543 305 216 205 202 176 181 179 181 190
1.15 132 1394 303 217 193 183 166 163 168 169
1.25 127 1251 295 204 180 164 158 161 155
1.35 122 1118 276 196 171 153 150 144
1.45 116 996 266 190 153 137 135
1.55 110 897 260 157 140 121
1.65 104 812 229 155 128
1.75 97 720 218 142
1.8 90 627 194
1.95 0 82 542
2.05 76
2.15

2.25

2.35

2.45

2.55

2,65

2,75

© 0o
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Table 2. (continued)

by

<

fy

2,05 215 2,25 235 245 255 265 275 2.8 295

e ap P P B i o OOWWWWWW®E NNNNNNDOND HEREEREERE D000000000
D O 00 DO bt CONOUIR WIS 000D WO = O OUMUIM LN (00010 Ul G I = O
SFNTGERPEE SRIFTEBBEE SRAANSEERGE SRA[GHEREE SRIARGEBRER

795 940 771 482 478 501 509 514 518 588
808 749 589 457 456 462 458 452 435 455
876 806 574 444 443 437 415 399 384 392
901 836 604 442 438 431 407 385 369 365
919 895 657 482 455 442 414 386 364 362
626 851 720 526 486 458 433 404 373 360
301 535 693 567 533 503 456 425 396 379
188 263 474 589 567 528 486 450 426 405
192 179 237 377 473 509 506 480 450 429
187 177 166 189 265 365 450 484 474 459

189 169 156 151 159 199 281 377 440 470
164 166 153 145 143 142 164 225 316 405
154 156 147 139 138 135 130 137 184 256
142 142 134 128 126 130 125 122 124 149
120 139 123 115 119 115 119 115 113 112
120 120 113 105 109 109 106 108 108 105

114 115 98 89 95 101 100 98 99 98
114 108 89 78 86 87 90 90 90 90
112 100 80 70 72 79 78 80 81 82

163 102 77 63 67 67 70 71 73 74
474 154 72 62 63 65 63 63 64 68

70 423 118 54 59 59 58 58 56 60
0 63 358 96 58 54 51 50 51 50
0 0 57 305 97 57 49 45 43 46
0 0 0 51 273 94 50 46 41 40
0 0 0 0 46 244 83 45 46 38
0 0 0 0 0 41 213 74 44 43
0 0 0 0 0 0 37 185 67 43
0 0 0 0 0 0 0 33 159 61
0 0 0 0 0 0 0 0 38 136
0 0 0 0 0 0 0 0 0 33
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
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Table 2. (continued)

~__E
E\; 3.06 3.15 3.25 3.3 345 35 365 375 3.8 3.9
0.05 813 1285 2780 6684 8810 6744 3812 2589 2707 2995
0.15 585 853 1249 1910 2199 2181 1758 1446 1630 1851
0.25 453 568 764 1050 1202 1148 1044 988 ~ 1127 1321
0.35 395 475 631 839 923 903 851 823 931 1065
0.45 393 443 553 750 839 800 737 704 795 8%
0.55 393 454 530 654 722 711 662 629 704 791
0.65 392 426 479 558 607 606 592 561 598 654
0.75 403 419 450 510 535 523 510 496 537 570
0.85 427 428 435 467 485 473 461 448 480 506
0.95 455 451 433 452 465 454 445 417 439 470
1.05 498 494 437 422 429 432 434 417 427 433
1.15 478 490 440 403 401 397 403 392 407 414
1.25 362 440 404 363 371 377 395 381 384 385
1.35 202 274 295 289 316 353 388 380 385 380
1.45 125 152 182 203 243 300 372 383 383 375
1.55 107 112 122 142 178 232 313 364 385 374
1.65 99 103 102 113 131 163 234 296 340 357
1.75 88 87 9 100 106 116 146 198 264 307
1.85 83 80 79 91 93 9% 103 119 166 220
1.95 79 76 69 74 85 84 89 89 105 136
2,05 71 69 60 58 66 73 74 78 85 91
2.15 65 62 48 42 50 59 66 65 71 79
2.25 58 58 43 34 36 44 55 60 62 65
2.35 50 51 39 30 31 35 44 50 57 59
2.45 49 47 34 25 26 31 40 43 47 50
2.55 40 45 33 22 22 27 35 39 40 42
2.65 36 37 29 20 20 23 32 35 38 36
2.75 38 31 26 18 17 21 28 32 33 34
2.85 40 30 21 18 16 18 24 27 30 30
2.95 56 33 21 16 15 17 21 25 25 27
3.05 119 23 15 15 16 19 22 25 23
3.15 29 103 39 16 14 15 18 19 21 23
3.25 0 26 87 32 14 14 17 19 19 19
3.35 0 0 23 76 29 14 16 18 18 18
3.45 0 0 0 22 66 27 16 17 17 17
3.55 0 0 0 0 20 58 26 16 17 16
3.65 0 0 0 0 0 18 51 24 16 16
3.75 0 0 0 0 0 0 16 45 22 15
3.85 0 0 0 0 0 0 0 14 40 20
3.95 0 0 0 0 0 0 0 0 14 36
4.05 0 0 0 0 0 0 0 0 0 13
4.15 0 0 0 0 0 0 0 0 0 0
4,25 0 0 0 0 0 0 0 0 0 0
4.35 0 0 0 0 0 0 0 0 0 0
4.45 0 0 0 0 0 0 0 0 0 0
4,55 0 0 0 0 0 0 0 0 0 0
4,65 0 0 0 0 0 0 0 0 0 0
4,75 0 0 0 0 0 0 0 0 0 0
4,85 0 0 0 0 0 0 0 0 0 0
4.95 0 0 0 0 0 0 0 0 0 0
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Table 2. (continued)

&y
b

4.05 4.15 4.25 4.35 4.45 4.55 4.65 4.75 4.8 4,95

o R R SRR SR WWWWWWWWWEW DRONNDOPDNNN HEERREPEEE 0000000000
= WNHO ©ORNDULRWNHG ©ORNOUIARWND IO ©00~I0 U1 WY O
SRATRELERLE SRFARREHEER SRAFAGETEE SRASEEEHEE SFIRRGEVGS

3595 4562 7140 12497 19467 21024 14821 9231 5914 4663
2198 2747 3722 4921 6072 7382 7172 6252 5345 4830
1574 1900 2471 3186 3968 4603 4532 4303 4119 4315
1271 1541 2002 2511 2978 3394 3434 3411 3431 3650
1051 1248 1623 2093 2558 2919 2893 2830 2849 3071
916 1073 1361 1745 2165 2517 2534 2490 2513 2719
754 898 1136 1403 1683 2000 2135 2182 2203 2316
614 685 844 1077 1327 1550 1605 1654 1760 1936
550 607 715 861 1030 1219 1299 1347 1397 1510
507 537 619 716 827 968 1026 1082 1155 1282

456 501 577 642 699 786 828 883 944 1035
426 442 505 580 639 678 668 690 747 863
396 409 455 508 561 599 573 553 566 634
379 382 416 459 493 523 498 469 461 492
373 372 391 412 441 472 453 427 410 416
363 356 373 386 398 414 405 391 374 374
360 347 352 361 364 372 354 340 338 342
326 325 338 342 339 346 325 304 288 293
263 292 311 311 314 319 296 280 270 268
183 224 257 285 295 300 286 260 239 240

70 78 81 93 111 149 193 228 242 235
63 62 71 73 79 102 133 174 207 225
54 58 61 65 68 73 88 117 162 194
45 49 54 57 59 65 65 77 99 137
38 40 45 49 53 54 55 56 65 85
32 33 36 39 43 49 49 49 46 53
30 29 28 31 34 40 42 42 45 42
27 26 26 24 27 32 37 38 35 40
23 24 23 22 21 25 30 34 37 34
21 19 21 20 20 20 23 28 32 35
21 20 18 19 18 19 20 21 25 30
18 19 17 17 17 17 18 18 22 22
16 16 17 14 16 16 15 17 17 23
16 14 14 15 12 15 14 13 16 15
14 14 12 12 12 11 13 12 12 13
16 12 12 10 10 11 10 12 11 11
14 14 11 10 9 9 11 10 12 10
19 12 13 10 8 9 9 10 9 12
32 17 11 11 8 8 8 9 9 9
12 29 15 11 10 8 8 9 9 9

0 1 26 14 9 8 7 7 9 8

0 0 9 22 12 8 7 6 7 9

0 0 0 8 19 10 6 6 6 6

0 0 0 0 6 16 8 5 5 6

0 0 0 0 0 5 13 6 4 5

0 0 0 0 0 0 4 11 5 4

0 0 0 0 0 0 0 4 9 5

0 0 0 0 0 0 0 0 3 8
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Table 3. Response function matrix for the simple method. £ represents the center of the

neutron energy interval (MeV), £’ the energy corresponding to the center of

the pulse-height interval (MeV).

To yield the matrix elements, the numbers in

the table should be multiplied by 10-6.
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Table 3. (continued)

. ,
ty

1.05 115 1.25 1.35 1.45 1.55 1.5 1.7 1.8 1.9

i ggtotgiciagiotaran
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308 409 836 1204 1457 1621 1869 1244 1072 1076
325 321 410 707 1152 1440 1532 1232 1025 928
259 276 276 328 466 851 1211 1194 1171 1022
218 237 250 256 267 343 617 867 1159 1142
190 232 241 258 246 240 273 394 764 1013
182 219 235 248 264 247 232 228 328 520
182 204 213 235 232 243 241 220 215 234
179 213 190 212 223 224 236 221 202 194
182 214 204 203 210 212 213 208 211 197
143 221 204 210 192 198 199 187 201 200

1807 178 216 205 202 176 181 179 181 190

1649 181 217 193 183 166 163 168 169
1494 179 204 180 164 158 161 155

1351 166 196 171 153 150 144

1216 162 190 153 137 135

0 1105 163 157 140 121

0 1006 139 154 128

900 136 141

792 119

0 693
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Table 3. (continued)

E £ 2,05 2.15 2.25 2.35 2.45 2.55 2.65 2.75 2.85 2,95
0.05 795 940 771 482 478 501 509 514 518 588
0.15 808 749 589 457 456 462 458 452 435 455
0.25 876 806 574 444 443 437 415 399 384 392
0.35 901 836 604 442 438 431 407 385 369 365
0.45 919 895 657 482 455 442 414 386 364 362
0.55 626 851 720 526 486 458 433 404 373 360
0.65 301 535 693 567 533 503 456 425 396 379
0.75 188 263 474 589 567 528 486 450 426 405
0.85 192 179 237 377 473 509 506 480 450 429
0.95 187 177 166 189 265 365 450 484 474 459
1.05 189 169 156 151 159 199 281 377 440 470
1.15 164 166 153 145 143 142 164 225 316 405
1.25 154 156 147 139 138 135 130 137 184 256
1.35 142 142 134 128 126 130 125 122 124 149
1.45 120 139 123 115 119 115 119 115 113 112
1.55 120 120 113 105 109 109 106 108 108 105
1.65 114 115 98 89 95 101 100 98 99 98
1.75 114 108 89 78 86 87 90 90 90 90
1.85 112 100 80 70 72 79 78 80 81 82
1.95 93 102 77 63 67 67 70 71 73 74
2.05 615 91 72 62 63 65 63 63 64 68
2.15 0 551 61 54 59 59 58 58 56 60
2.25 0 0 472 45 58 54 51 50 51 50
2.35 0 0 0 408 51 57 49 45 43 46
2.45 0 0 0 0 366 52 49 46 41 40
2.55 0 0 0 0 0 327 46 45 46 38
2.65 0 0 0 0 0 0 288 41 44 43
2.75 0 0 0 0 0 0 0 252 38 43
2.85 0 0 0 0 0 0 0 0 227 35
2.95 0 0 0 0 0 0 0 0 0 195
3.05 0 0 0 0 0 0 0 0 0 0
3.15 0 0 0 0 0 0 0 0 0 0
3.25 0 0 0 0 0 0 0 0 0 0
3.35 0 0 0 0 0 0 0 0 0 0
3.45 0 0 0 0 0 0 0 0 0 0
3.55 0 0 0 0 0 0 0 0 0 0
3,65 0 0 0 0 0 0 0 0 0 0
3.75 0 0 0 0 0 0 0 0 0 0
3.85 0 0 0 0 0 0 0 0 0 0
3.95 0 0 0 0 0 0 0 0 0 0
4,05 0 0 0 0 0 0 0 0 0 0
4,15 0 0 0 0 0 0 0 0 0 0
4,25 0 0 0 0 0 0 0 0 0 0
4. 35 0 0 0 0 0 0 0 0 0 0
4. 45 0 0 0 0 0 0 0 0 0 0
4,55 0 0 0 0 0 0 0 0 0 0
4, 65 0 0 0 0 0 0 0 0 0 0
4,75 0 0 0 0 0 0 0 0 0 0
4,85 0 0 0 0 0 0 0 0 0 0
4.95 0 0 0 0 0 0 0 0 0 0

|

|
|
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Table 3. (continued)

%

3.05 3.15 3.25 3.35 3.45 3.55 3.65 3.75 3.85 3.95
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813 1285 2780 6684 8810 6744 3812 2589 2707 2995
585 853 1249 1910 2199 2181 1758 1446 1630 1851
453 568 764 1050 1202 1148 1044 988 1127 1321
395 475 631 839 923 903 851 823 931 1065
393 443 553 - 750 839 800 737 704 795 896
393 454 530 654 722 711 662 629 704 791
392 426 479 558 607 606 592 561 598 654
403 419 450 510 535 523 510 496 537 570

79 76 69 74 85 84 89 89 105 136
71 69 60 58 66 73 74 78 85 91
65 62 43 42 50 59 66 65 71 79
58 58 43 34 36 44 55 60 62 65
50 51 39 30 31 35 44 50 57 59
49 47 34 25 26 31 40 43 47 50
40 45 33 22 22 27 35 39 40 42
36 37 29 20 20 23 32 35 38 36
38 31 26 18 17 21 28 32 33 34
40 30 21 18 16 18 24 27 30 30
32 33 21 16 15 17 21 25 25 27
172 28 23 15 15 16 19 22 25 23
0 150 20 16 14 15 18 19 21 23
0 0 130 16 14 14 17 19 19 19
0 0 0 114 14 14 16 18 18 18
0 0 0 0 100 14 16 17 17 17
0 0 0 0 0 89 14 16 17 16
0 0 0 0 0 0 79 14 16 16
0 0 0 0 0 0 0 70 13 15
0 0 0 0 0 0 0 0 63 13
0 0 0 0 0 0 0 0 0 57
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0

|
1
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Table 3. (continued)

B £ 4.05 4.15 4.25 4.35 4.45 455 4.65 4.75 4.85 4.95
0.05 3595 4562 7140 12497 19467 21024 14821 9231 5914 4663
0.15 2198 2747 3722 4921 6072 7382 7172 6252 5345 4830
0.25 1574 1900 2471 3186 3968 4603 4532 4303 4119 4315
0.35 1271 1541 2002 2511 2978 3394 3434 3411 3431 3650
0.45 1051 1248 1623 2093 2558 2912 2893 2830 2849 3071
0.55 916 1073 1361 1745 2165 2517 2534 2490 2513 2719
0.65 754 898 1136 1403 1683 2000 2135 2182 2203 2316
0.75 614 685 844 1077 1327 1550 1605 1654 1760 1936
0.85 550 607 715 861 1030 1219 1299 1347 1397 1510
0.95 | 507 537 619 716 827 968 1026 1082 1155 1282

\
1.05 \ 456 501 577 642 699 786 828 883 944 1035
115 426 442 505 580 639 678 668 690 747 863
1.25 396 409 455 508 561 599 573 553 566 634
1.35 379 382 416 459 493 523 498 469 461 492
1.45 373 372 391 412 441 472 453 427 410 416
1.55 363 356 373 386 398 414 405 391 374 374
1.65 360 347 352 361 364 372 354 340 338 342
1.75 326 325 338 342 339 346 325 304 288 293
1.85 263 292 311 311 314 319 296 280 270 268
1.95 183 224 257 285 295 300 286 260 239 240
2.05 112 145 187 219 248 280 277 266 249 228
2.15 83 92 115 140 176 225 252 255 243 240
2.25 70 78 81 93 111 149 193 228 242 235
2.35 63 62 71 73 79 102 133 174 207 225
2.45 54 58 61 65 68 73 88 117 162 194
2.55 45 49 54 57 59 65 65 77 99 137
2.65 38 40 45 49 53 54 55 55 65 85
2.75 32 33 36 39 43 49 49 49 46 53
2.85 30 29 28 31 34 40 42 42 45 42
2.95 | 27 26 26 24 27 32 37 38 35 40
3.05 23 24 23 22 21 25 30 34 37 34
3.15 21 19 21 20 20 20 23 28 32 35
3.25 21 20 18 19 18 19 20 21 25 30
3.35 18 19 17 17 17 17 18 18 22 22
3.45 16 16 17 14 16 16 15 17 17 23
3.55 16 14 14 15 12 15 14 13 16 15
3,65 14 14 12 12 12 11 13 12 12 13
3.75 16 12 12 10 10 11 10 12 11 11
3.85 13 14 11 10 9 9 11 10 12 10
3.95 12 12 13 10 8 9 9 10 9 12
4.05 52 11 11 11 8 8 8 9 9 9
4,15 0 46 10 10 10 8 8 9 9 9
4.25 0 0 40 93 9 8 7 7 9 8
4,35 0 0 0 50 8 8 7 6 7 9
4.45 0 0 0 0 30 7 6 6 6 6
4,55 0 0 0 0 0 25 5 5 5 6
4.65 0 0 0 0 0 0 20 4 4 5
4.75 0 0 0 0 0 0 0 17 3 4
4.85 0 0 0 0 0 0 0 0 15 3
4.95 0 0 0 0 0 0 0 0 0 13
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G, Ey=[  ° RES, E)IE (8)
Ei=g

where R''(E£’;, £;) is the response function of the counter. This is obtained by means
of the Lagrange interpolation method from the response function R';(£y) in Eq.(6).
£’; and E; are the pulse-height of 7-th interval and the neutron energy of /-th interval,
respectively. A4ZE' and 4Z are the intervals of the pulse-height and the energy, res-
pectively.

As a result, the response function matrix, composed of 50 rows by 50 columns,
of which the bin width is 0.1 MeV and the energy range from zero to 5 MeV, was
obtained. The response function matrix for the simple method and that for the inverse
matrix method, etc. are shown in Table 2 and Table 3, respectively.

4. Application of the Response Function Matrix

The response-corrected spectrum (¢) obtained by the inverse matrix method is
given by

@=[R]NP) (9)

where () is the measured pulse-height distribution which has been divided into the
pulse-height interval corresponding to the energy interval of 0.1 MeV. [&]] is the
response function matrix for the inverse matrix method etc.

The response-corrected spectrum (¢') calculated by the simple method®:9 can

10 T T T
S _~INVERSE MATRIX 1 7
= METHOD
Z 81" _SIMPLE METHOD )
E T+ ] 4
€ gl i
E 6
£ 5 -
X ot ]
3 s
IS 3 . |
E 2_ ]
o I T
< i)
oF W"L—R_f_l {
-1 o
| | 1

NEUTRON ENERGY, MeV

Fig. 6. A response-corrected spectrum for 2.28 MeV monoenergetic neutrons.
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T T

-~ INVERSE MATRIX METHOD
-r-SIMPLE METHOD

NEUTRON FLUX, ARBITRARY UNIT
N W b N D

NEUTRON ENERGY, MeV

Fig. 7. A response-corrected spectrum of 3 MeV neutrons transmitted
through 15 ¢m-thick iron.

be written as
(B)=[Rs]7UP) . (10)

where [As] is the response function matrix for the simple method.

Fig. 6 shows a typical response-corrected spectrum by means of the above two
methods for 2.28 MeV monoenergetic neutrons. A response-corrected spectrum of
3 MeV neutrons transmitted through 15 cm-thick iron is shown in Fig. 7.
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