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A compilation of n—p and n—C cross sections 1s presented, with the purpose of giving useful information to compute the effi-
ciency of neutron counters used 1n high energy physics experiments. Particular consideration 1s given to the cross sections for
neutrons of kinetic energy up to 300 MeV. The results of a Monte Carlo program, i which these cross sections were used, are
presented and compared with the experimental data on neutron counter effictencies avatlable i the literature. A very good
agreement between experimental results and Monte Carlo predictions, on average much better than 10%, has been obtamed.

1. Introduction

Several attempts have been made to compute the
efficiency of organic scintillators for detecting high
energy neutrons, between 1 and 200 MeV, using
analytical'*2) and Monte Carlo methods®:%), taking
mto account both the neutron-hydrogen and the
neutron—carbon interactions. However, the results of
these calculations, when compared with the measured
efficiencies of neutron detectors at present available in
the literature '), have not always shown good
agreement with the experimental data.

One of the crucial points of these calculations is the
lack of available data for the n-C cross sections.
Although the n—p and n—C total cross sections are well
measured, the knowledge of the inelastic n—-C cross
section 1s rather poor. Moreover the relative contri-
bution of the different inelastic channels to the total
inelastic cross section 1s known only for the first few
channels that open below 20 MeV and in an energy
region that does not extend far beyond their threshold
values The only accurate measurement at higher
energies was made by Kellogg'”?) in a cloud chamber
experiment, using a 90 MeV neutron beam. At that
energy there are some one hundred inelastic channels
open, each one having in the final state up to five
ionizing particles, such as protons, deuterons, tritons,
alpha particles and iomzed nuclei. Tt is well
known'®=21) that the amount of light produced by a
charged particle mnside a scintillator is proportional to
the ionization energy loss only for [-particles. The
amount of light produced by a proton is reduced with
respect to an electron of the same energy by the so-
called p/p ratio; and as the atomic number of the
particle increases so the light output produced decrea-

ses. Smce this reduction factor also varies with the
energy, it is clear that each n—C inelastic channel gives a
contribution to the neutron detection efficiency in a
scintillator that does not depend only on 1ts cross
section, but also strongly on the type of particles
present in the final state. Such a dependence is of
course more evident the higher the detection threshold.

It is therefore easy to understand why the computa-
tional methods, making very crude assumptions on
the inelastic channel cross sections, do not often
agree with the experimental efficiencies, in particular
for counters having high threshold and for neutrons
with a kinetic energy of the same order of magnitude
as the threshold; on the other hand it is reasonable
that most of the computations reproduce well the
experimental data below 10 MeV, since the well-
known n-p elastic scattering is the main contribution
to the efficiency in that energy region.

Although numerous compilations of nucleon-
nucleus cross section data are already present in the
literature?2=2%), 1t is felt useful to present an updated
list of the n—C cross section data in the energy range
from 1 to 8000 MeV, with a particular emphasis on
the inelastic channels. A list of the n—p cross sections
is also given for the sake of completeness.

Not all of the total n—p and n-C experimental cross
section measurements have been considered when
there were enough data in the same energy region.
Also some cross sections for the inelastic n—C channels
have been deduced using plausible assumptions.
Clearly the actual experimental picture does not
allow us to disentangle all the inelastic channels. For
the purpose of computation of neutron detection
efficiencies in organic scintillators the only reasonable
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TABLE 1

n—p total cross sections.

A. DEL GUERRA

T Cnp Ref. T, Onp Ref.
MeV) (mb) (MeV) (MeV)

10.6 780 + 90 85 63.5 116.8 + 2.6 38
12.5 690 110 26 64.5 53 126 + 3 88
12.8 830 + 90 85 66.1 + 2.7 1149 + 2.5 38
13.5 694 + 19 26 689 & 3 1096 + 2.3 38
13.9 770 + 40 67 72 £ 32 1001 £ 2.3 38
14.0 700 £ 60 79 753 £ 3.5 1003 + 3.6 38
141 +0.05 689 + 5 78 78.9 + 3.8 94.7 + 2.1 38
14.2 675 + 20 73 828 + 4 853 £ 19 38
14.8 610 £ 90 85 85 83 + 4 41
15.0 660 + 70 79 86.9 + 4.3 82.1 + 1.9 38
15.8  £0.33 537 £ 30 38 88 86.1 £ 2 62
16.13 +£0.33 634 + 34 38 88.5 845 + 2 62
16.46 +0.34 580 + 33 38 90 76 £ 1.7 61
16.5 680 +£100 85 91.3 + 46 777 £ 1.7 38
16.80 £0.35 597 & 32 38 93.4 77 £ 5 45
17.15 £0.36 561 + 29 38 95 73 £ 1.5 52
17.52 £0.37 544 + 28 38 95 73.9 £ 3 90
17.90 +0.39 533 & 27 38 96 + 4.8 721 £ 16 38
18.1 550 + 80 85 97 *i° 73.9 + 3 88
1829 £0.40 517 + 27 38 97.2 76 £ 3 45
1869 £0.42 523 + 28 38 97 £ 5 74 £10 70
19.11 £0.43 498 + 40 38 101.1 80 +7 45
19.55 +£0.44 522 + 26 38 101 x5 7.5 + 1.7 38
19.6 520 + 90 85 106 =+ 5.3 69.4 £ 1.6 38
19.655+0.35 495 + 3 49 106.8 59 16 45
19.93 504 £ 10 438 115.5 + 5.7 683 + 2.1 38
20.0 +0.46 479 = 24 38 117 + 5 61.5 £ 8.6 70
2046 £0.47 479 £+ 22 38 126 569 + 1.8 90
20.93 +048 449 + 21 38 140 + 5 485 £ 56 70
21.1 410 + 90 85 153 £ 3 464 + 1.2 89, 90
21.41 0.5 447 + 30 38 156 *i? 464 £ 1.2 88
21.91 +0.51 420 + 20 38 156 x5 50.5 = 83 70
22.43 £0.52 408 + 20 38 160 512 £ 2.6 53
22.96 +0.54 433 + 19 38 169 492 + 1.6 87
23.51 £0.57 397.7+ 16 38 180 + 7 4 £12 70
24.09 £0.59 393 + 15 38 220 41 £ 4 53
24.69 £0.61 393.5+ 15 38 220 10 413 £ 3.5 70
25.0 390 83 247.47 42.80+ 1.02 50
2531 £0.63 362.9+ 13.5 38 270 38 £ 1.5 51
25.94 +0.65 377.6+ 12.7 38 278.69 38,63+ 072 50
26.6 +0.68 34574 12.3 38 280 33 0+ 3 58
27.29 £0.72 3354+ 11.5 38 31112 37.324+ 0.60 50
28.03 +0.76 3215+ 11.0 38 344.69 33.97+ 0.57 50
28.80 +0.78 3122+ 125 38 379.30 34.09+ 0.29 50
29.59 £0.80 309.1+ 9.5 38 380 40 £ 4 55
30.40 +£0.83 281.8+ 8.8 38 380 34 £ 2 57
31.24 +0.86 286.4%+ 8.3 38 410 33.7 £ 1.3 75
32.12 £0.90 2887+ 7.4 38 414.87 33.90+ 0.24 50
33.05 +0.96 276 + 6.8 38 451.33 33.57+ 0.24 50
34.03 £1.01 2601+ 7.2 38 488.61 34.16+ 0.24 50
35.08 +£1.07 24584+ 6.7 38 500 35 £ 2 57
36.20 +1.12 220 £ 9.9 38 526.65 3494+ 0.24 50
37.32 £1.15 2268+ 6.3 38 565.39 3547+ 0.23 50
38.0 223 £ 7.6 90 590 36.2 57
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TABLE | (continued)
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T, Onp Ref T, Onp Ref.

(MeV) (mb) (MeV) (MeV)
3848 +121 2235+ 6.0 38 604.75 3604+ 023 50
39 % 223 + 76 88 630 37 £ 2 57
3975 +£129 2191+ 57 38 644 76 36.85+ 022 50
411 +138 2046+ 54 38 685 31 37.60+ 022 50
420 203 £ 7 63 726 36 37854+ 022 50
420 170 + 8.3 61 767.89 3798+ 0.21 50
4253 4145 196 + 52 38 831 02 37.82+ 016 50
440 150 189 + 49 38 916 55 38.12+ 016 50
45.5 16 1873+ 46 38 1003 47 3821+ 016 50
471 £17 1703+ 4 38 1091.60 38.85+ 016 50
475 190 % 10 62 1180 78 3935+ 017 50
488 1.8 166 8+ 4.1 38 1290.83 3999+ 0.15 50
506 +19 152.0+ 38 38 1400 424 + 18 43
52,5 £20 152.0+ 36 38 1447.03 4050+ 014 50
54,5 +21 1448+ 33 38 1630 25 4067+ 0.16 50
56,6 +22 1415+ 31 38 1851 27 4075+ 0.17 50
588 +23 13584+ 29 38 2151.64 40 76+ 025 50
61.1 +24 1243+ 28 38 2470 42 4083+ 046 50
630 1260+ 3 90

approach one can follow!™*) 1s to consider the inelastic
cross section as if it were the sum of the contribution
of only four channels, 1.e. those channels for which
data are available near threshold, and to extrapolate
these cross sections to higher energies in a way con-
sistent with both the total inelastic cross section and
the scarce measurements of individual channels In
that sense this compilation is not intended to be a
complete list of neutron cross sections but a useful
guide to anybody who needs to compute neutron
counter efficiencies

2. n-p and n-C cross sections

As previously stated, the relevant cross sections
describing the interaction of a neutron in an organic
scintillator are the total n-p cross section (s,,) and
the total n—C cross section (o,¢)

Onp 15 very well measured and the experimental data
between 10 and 2500 MeV are listed in table 1. For
neutrons of kinetic energy (7,) less than 50 MeV,
the data are well parametrized as function of T,
expressed in MeV, by the following polynominal
ﬁt97'98):

Oup(T,) = 37[1.206T, + (—1.86+0.09415T, +
+0.0001307 TH?*1 ' +
+ n[1206T, + (04223 +0.13T,)*]"".

The polynominal fit given by Clements and Wins-
berg®?) for the n—p differential cross section, once
integrated, gives less agreement with the experimental
data and needs some corrections, as pointed out by
Kurz!).

o.c is the sum of the elastic (o.) and 1nelastic
(6,0e1) n=C cross section. Table 2 shows the experimen-
tal data for o, and o, at 7, greater than 15 MeV.
At lower energies only a few points have been chosen,
to show the trend of the cross section. Also shown in
the table are the scarce experimental data on o.,.

In fig. 1 the experimental data available for 6., 6,
and o, up to T, = 1000 MeV are plotted; o, has a
behaviour common to all neutron-nucleus total cross
sections, as pointed out by several authors3?: 75 81. 82y
after a rapid drop from a maximum near the threshold
for nuclear reactions, it reaches a mimmum at
T,~290 MeV, which is the threshold for meson
production, then increases to a broad maximum
around | 5GeV, decreasing slowly thereafter!®?)
A similar behaviour 1s also exhibited by a,,., (see also
ref 25). The solid lines drawn on the figure are mostly
obtamed by means of computer minimization techni-
ques' ') applied to the data

3. Breakdown of the n—C inelastic cross section

As described 1n section | a large number of inelastic
channels opens up at 7, increases. We restrict our
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TABLE 2

n-C total, inelastic and elastic cross sections.

A. DEL GUERRA

T, Onc Ginel Cel Ref.
(MeV) (mb) (mb) (mb)

2.5 1570 + 25° 24
3.0 1750 + 25¢ 24
4.0 1850 + 25° 24
4.1 1800 £100 96
4.2 1800 £300 36
4.5 1700 + 25° 24
4.7 1500 +300 36
5.0 1200 + 25* 24
5.5 1125 &+ 25° 24
6.0 1100 + 25° 24
6.0 810 + 80 60
62 1250 + 25* 24
6.3 1240 +120 60
6.4 1150 + 25 24
7.0 800 =+ 25* 197.5+£15° 24
70 520 £+ 50 60
72 875 + 25¢ 220 +15¢ 24
7.4 1750 £ 25° 245 £15° 24
7.6 1650 + 25° 270 +£15° 24
7.8 2200 £ 25¢ 307.5+15% 24
8.0 1825 + 25° 350 £15° 24
8.5 1050 + 25° 430 *+15* 24
90 1050 + 25¢ 520 £15° 24
10.0 1160 =+ 25¢ 540 +15° 24
10.2 1100 + 10° 542 5+15* 24
11.0 1520 + 10° 550 £15° 24
11.5 1400 + 10° 552.5£15° 24
12.0 1500 + 10* 557.5£15° 24
12.5 1340 + 10* 560 +15* 24
13.0 1420 + 10° 565 £15 24
14.0 1280 + 10 572 5+£14¢ 24
14.0 775 £+ 40 91
14 1 805 84
14.5 770 + 40 42
14.6 790 + 50 74
15.0 1440 = 107 582.5+£15% 24
15.80+ 0.33 1460 £+ 32 38
16.13 1480 =+ 32 38
16.46 1450 + 31 38
16 6 236 +21° 6
16.80 1450 + 31 38
17.15+ 0.36 1470 + 31 38
17.52+ 037 1390 + 30 38
1790+ 0.39 1520 + 30 38
18.29+ 040 1470 + 30 38
18.69£ 0.42 1480 = 30 38
19.11£ 043 1450 + 29 38
19.3 357 +26° 6
19.55+ 0.44 1480 =+ 45 38
20 + 0.46 1450 + 28 38
2046+ 0.47 1500 + 28 38
2093+ 048 1460 + 27 38
21.0 490 +40 69
2141+ 0.50 1410 + 25 38
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Ty Onc Ginel Gy Ref.
(MeV) (mb) (mb) (mb)
21.9 354 +27° 6
21.9 £ 0.51 1420 + 25 38
2243+ 0.52 1396 + 23 38
2296+ 0.54 1439 + 22 38
23.51+ 0.57 1367 £+ 22 38
2409+ 0.59 1375 £+ 21 38
24.6 324 +24° 6
24.63 13896+ 1.7 39
24.69+ 0.61 1393 + 21 38
2531+ 0.63 1340 + 20 38
25.5 440 +40 69
2594+ 0.65 1335 + 20 38
26.6 £ 068 1349 + 19 38
2727+ 0.72 1315 + 18 38
27.4 378 +29° 6
28.03+ 0.76 1298 + 18 38
288 + 0.78 1291 + 17 38
29.2 450 +40 69
29.25 1311.2+ 1.7 39
29.59+ 0.8 1358 + 16 38
3040+ 0.83 1250 + 16 38
3124+ 0.86 1237 £+ 15 38
31.6 303 +22° 6
32,12+ 0.90 1220 £ 15 38
33.05+ 0.96 1231 £+ 14 38
34.03+ 1.01 1203 £ 20 38
34 4 428 +34° 6
3508+ 1.07 1180 + 14 38
362 £ 112 1121 + 13 38
36.34 1179 £ 1.4 39
37.32+ 115 1143 + 13 38
37.6 307 +23° 6
38.48+ 121 1123 + 12 38
39.56 1130.7+ 1.2 39
3975+ 125 1096 + 12 38
41.1 + 1.38 1081 £ 11 38
41.2 338 +25° 6
42 53+ 1.45 1068 + 11 38
4 *x L5 1052 £ 11 38
44.6 295 +£25° 6
455 £ 16 1012 + 10 38
46.18 1012.7+ 1.4 39
47.10+ 17 967 + 9 38
47.5 + 12 984 + 30 62
47.9 315 x27° 6
48.80+ 1.80 969 £+ 9 38
5060+ 1.90 930 + 9 38
509 309 +35° 6
52 £ 15 892 + 22 90
525 £ 2.0 912 + 9 38
52.8 280 +31° 6
54.5 £ 2.1 879 + 9 38
54.8 301 £33° 6
5 £ 2 278 +54 95
566 + 2.2 844 L+ 8 38
569 291 +32° 6
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TABLE 2 (continued)

Tn OnC Tinel Tel Ref
(MeV) (mb) (mb) (mb)

588 £ 23 808 + 8 38
589 327 +£36° 6
60 =+ 1.5 780 £ 12 90
6t + 05 674 + 62 44, 45
61 =+ 45 200 +13 72
611 226 +24° 6
611 £ 24 782 + 7 38
63 £ 16 784 + 5 90
63.5 £ 2.5 715 £ 7 38
635 259 +27° 6
66.1 £ 1.0 671 + 42 44, 45
66 2 231 4£24° 6
66.2 £ 27 740 £ 7 38
689 £ 30 698 £ 9 38
69 1 269 +28° 6
712 £ 0S5 601 + 41 44, 45
720 £ 32 666 £ 6 38
723 232 +24° 6
753 + 35 654 £+ 6 38
76 1 284 +29° 6
76.7 £ 0.5 614 =+ 31 44, 45
78 590 + 15 68
789 £ 38 617 £ 6 38
800 261 £27° 6
81 £+ 0.2 202 +£20 95
812 £ 1.0 585 + 17 44, 45
828 £+ 40 582 £ 6 38
835 259 +26° 6
84 £+ 15 571 £ 6 90
85 545 + 10 68
85 + 28 550 + 11 41
855 £ 05 602 =+ 19 44. 45
869 = 4.3 555 + 6 18
875 245 +25° 6
88 530 = 10 68
88 + 2 560 + 8 62
882 £ | 547 £ 11 71
90 <+ 25 250 + 60° 18
910 206 +25° 6
913 £ 46 535 £ 6 38
923 £ 7 520 + 80 44. 45
934 + 05 518 £ 6 44, 45
95 £ 1.5 508 £ S 88, 89
95 £+ 26 498 + 3 223 £+ 7 173 + 8 52
960 =+ 48 509 £ 6 38
96 0 206 +21° 6
970 £ 5 500 + 12 70
972 £ 1.0 494 = 4 44, 45
98.1 + 1 490 =+ 10 71
994 =+ 4 518 + 4 44. 45
100 470 = 10 68
101 = 5 472 £ 6 38
1011 £ 05 466 £ 7 44, 45
1015 193 +£19° 6
105 =+ 3 234 + 8 95
106 =+ 53 456 + 5 38
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TABLE 2 (continued)

Tn Oac Oinel Tei Ref
(MeV) (mb) (mb) (mb)

1068 + 2 508 + 14 44, 45
1070 232 £25° 6
110+ 1 439 £ 9 71
111 437 + 8 40
1M1s £ 57 435 + 7 38
1135 208 +24° 6
114 420 + 15 68
M7+ 2 408 + 4 90
117 £ 5 392 +6 70
175 £ 60 405 + 12 38
1196 + 1 403 + 8 71
1200 188 +23° 6
126 + 2 390 + 3 88
1204 + 1 375 + 8 71
131 365 + 15 68
136 159 £ 11¢ 94
136 144 + 11°¢ 94
139 + 3 355 + 3 90
140 + 5 349 + 4 70
140 + 4 221 + 9.5 95
1409 + 1 346 + 7 71
1509 + | 341 + 7 71
153 + 3 330 £ 3 88, 89
155 270 + 20 68
156 + 5 325 + 10 70
160 4+ 30 29 + 6 53
169 + 4 323 + 3 87
180 + 7 3 £ 9 70
190 =+ 40 291 + 9 53
220 + 10 29 + 3 70
220 + 45 285 + 60 53
270 = 60 288 + 3 145 £+ 6 143 + 7 51
280 4 45 279 + 4 58
300 203 +33 33
3515 *1a 2853+ 16 2008+ 47 >845+ 4.5 29, 30, 31
379 299 + 8 268 +45 31 + 457 81, 82
380 + 50 286 + 2 57
410 + 20 297 + 3 75
414 287 + 8 261 +£38 26 + 3883 81, 82
451 317 = 8 242 £32 75 + 3298 81, 82
488 317 £ 8 233 +28 84 =+ 2912 81, 82
500 + 70 306 £ 2 57
545 333 + 6 210 +18 123 + 1897 81, 82
590 £ 80 319 + 2 56, 57
624 328 £ 6 248 +15 80 =+ 16.15 81, 82
630 342 + 15 64
630 + 85 338 + 5 57
705 350 £ 6 260 +13 90 =+ 1436 81, 82
765 + 30 421+ 37 198 +18 144 + 19 37
788 353 £ 6 242 +11 11 + 125 81, 82
873 351 = 7 259 +10 92 + 125 81, 82
959 358 + 7 261 £10 97 + 122 81, 82
1069 352 £ 7 268 + 9 84 + 114 81, 82
1202 380 + 7 255 + 8 125 + 106 81, 82
1361 314 + 8 258 + 6 106 £ 9.2 81, 82
1400  £200 378 + 10 201 +13 177 + 16 43
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TABLE 2 (continued)

Tn Onc G inet Oel Ref.
(MeV) (mb) (mb) (mb)
1545 363 £ 8 268 £+ 6 95 £ 10 81, 82
1731 408 + 12 251 £ 8 157 + 144 81, 82
5000 £400 319 £ 20 235 +16 84 £ 26 32
8300 345 £ 15 218 + 8 127 + 17 76

* Taken from the “recommended line” n ref, 24.

® This cross section may be as much as 30% lower for T, <30 MeV, and has to be considered as the lower imit to the true o,, for
higher T,.

¢ Based on optical theorem.
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Fig. 1. n—C total, n—-C inelastic and n—p total cross sections data. The full lines show the cross sections used in the Monte Carlo
program,
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discussion to the region up to 300 MeV, for beyond
that value the neutron detection efficiencies depend
mostly upon the total n—C inelastic cross section, and
the knowledge of the different branching ratios is much
less relevant to the computation.

TABLE 3

n—C nelastic reactions and parameters.

Channel Reaction o Threshold
(MeV) (MeV)
(n,n’y) n+12C—n"+12C+y —443 4.7
(n,a) n+12C— o +°Be —5.709 6.2
(n,n"30) n+12C—n"+3a —7.281 7.9
(n,p)* n+12C—»p+12B —12.593 13.6

4 This channel is usually taken to include (n,d) channels that
opens at 14 9 MeV, there being no data available for this latter
channel around 1ts threshold region or above

TABLE 4

(n,n’y) cross sections.

T, O(n, 0" v Ref
(MeV) (mb)
6.0 240  £20° 60
63 350 200 60
6.58 348 57 47
7.0 170 £20* 60
85 £05 445  £25° 1
90 05 345  +£25° 1
140 225 £ 8¢ 77
14 261 +39 34, 35, 54
14 220 +£30° 28, 31
14 1 ~300 92
14.1 200 84
14.7 206 + 6° 77
152 210 £ 7° 77
15.6 196 =+ 6° 77
162 179 =+ 5° 77
16.7 157 =+ 4° 77
17.4 137 £ 6 77
178 144 £ 4° 77
17.9 130 £ 6° 77
18.4 134 + 6° 77
18.9 127 & 3¢ 77
19.4 127 £ 4° 77
96 13.75+ 2.5¢ 86
185 7.7 £ 1.5¢ 93
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Because of lack of experimental data, all analytical
and Monte Carlo computations of neutron counter
effictencies'™#) treat the total inelastic cross section
as the sum of the contribution of only four channels, as
mentioned previously. These are listed in table 3,
according to their increasing threshold.

Although the (n, 2n) channel, whose threshold is
20.3 MeV, is known around its threshold region and
above, this channel is not usually!™*) taken into
account, because it does not contribute directly to the
efficiency and its cross section is still less than 10% of
the inelastic cross section at 90 MeV'7); therefore no
experimental data are presented, but some can be
found elsewherg??: 24:104),

In tables 4 and 5 are listed the experimental data for
O(nny)s On,a)» O(n,n'30y aNA Oy ), Which are also
plotted in fig. 2, together with the experimental data
for 6,,.;- The full lines on the figure were drawn on the
basis of reasonable assumptions, using the following
procedure:

1) First of all 6,,.,) Was isolated, whose experi-
mental points well exhibit the sharp resonances
expected in the yield of 4.43 MeV y-rays'®?).
The broad resonance around 7, = 14 MeV takes
into account the excitation of carbon levels from
4.4 to 9.6 MeV with decay to the ground state
through emission of 4.43 y-rays directly or through

TABLE 5

(n,a), (n,n’ 3a), (n,p) cross sections.

T, O, @y O(n, ' 32> O, p) Ref.
(MeV) (mb) (mb) (mb)
7.8 46107 46
80 73107 46
8.5 341+10* 46
9.0 30+10° 46
12.9 190+ 50 59
14.0 62+15 27
14.1 7611 65
14.1 230+50 59
14.92 1.934£0.25 66
15.08 5.69£0.68 66
15.5 316+73 59
16.59 19.56£2.74 66
17.51 29.09+4.36 66
18.8 283+ 59 59
90+£30 4+ 2 39+ 10° 182 £27° 17

May be underestimated, being the cross section for excitation
of the 4.43 MeV level (see also ref 105).

® Cross section and error estimated from the figure mn ref. 1.

¢ Taken from p-C scattering.

4 Estimated as 5% of the n—C elastic cross section.

* Averaged over several experimental points

® Estimated from ref. 17 as sum of all the (n,n"2x) and (n,n"3a)
channels.

¢ Estimated as the remaining contribution to the 1nelastic cross
section, see also text.



an intermediate unstable ®Be-a state3°-199).

Beyond 14 MeV the data available for p scattering
on carbon’”'%3) have been used, since the n-C
and p-C elastic and quasi-elastic scattering are
essentially 1dentical above that energy?® 74);
above 20 MeV, o, ,-,, has been smoothed down
through the higher energy experimental values.

A. DEL GUERRA

butions of all the channels with 2« or 3« 1n the
final state, and o, ,, was assumed to take the
remaining part of o,,.,

4) The sum of the four inelastic channels considered
was made to be equal to the total inelastic cross
section experimental data, within the errors, over
the full energy range.

2) The 6, ., so obtamed was then subtracted The validity of this procedure was then checked
from o,,., and the remaing o, ,, was deduced by using these cross sections in a Monte Carlo pro-
in the region up to 20 MeV, where o, ,.3,, and gram'®®) whose results were compared with the
Om,py are known; its value agrees with the available experimental data on neutron counter
experimental values®>-1°7 198) and with ex- efficiencies, the agreement between experimental and
perimental indications obtained by measuring Monte Carlo efficiency values was found to be quite
neutron counter efficiencies® '4). O(n.q) Was then remarkable, as illustrated in section 4
smoothed down using the measured experimental
value'7) at 90 MeV, as a normahzation pomt. 4. Monte Carlo program results

3) The two remaining channels were then isolated The Monte Carlo program was originally written'©9)
over the full energy region. The data of Kellogg'”) 1n order to extend to different 1llumination conditions
were used to normalize the cross section values and to higher energies the set of effictency measure-
at 90 MeV 1n the following way: 6, ,.3,, was ments of a modular neutron detector in the energy
assumed to be equal to the sum of the contri- range 15-120 MeV!!® ') The main features of the

720 T
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Fig. 2. 6w, 10 G0 F@n 30, Om, py and n—-C inelastic cross sections data. The full lines show the cross sections used in the

Monte Carlo program,



COMPILATION OF n-p AND n-C CROSS SECTIONS

Monte Carlo and 1ts comparison with the measured
efficiency of such a counter have been already presented
in a previous paper''!). A comparison of the Monte
Carlo prediction with a second set of efficiency measu-
rements of a large neutron detector of the same mod-
ularity’'? '3} at higher energy, up to ~3500 MeV,
may be found i ref 114 In this section the Monte
Carlo results are compared with most of the available
data on neutron counter efficiencies® 77'0 1216y
which have been measured at various threshold values
from 0.2 to 37 MeV eq el en, for neutron kinetic
energy (7,) up to 200 MeV Some comments are also
made In comparison with similar predictions obtain-
able by means of other computational methods'—3)
When calculating neutron counter efficiencies, one
must be very careful in reproducing the conditions
relevant to each experiment, such as the correct
geometry of the counter, the threshold setting and the
energy uncertainty of the incident neutrons. The
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presence of shielding in front of the detector, the
overall light output response of the counter and the
pulse shaping must be also carefully reproduced, as
they play an important role for a correct computation,
especially in the energy region immediately above the
threshold, where the efficiency increases rapidly from
zero and depends very strongly on energy Other
authors have already pointed out the importance of
finite size effects''®) and of the hght attenuation
effects''®) 1n the calculation of neutron detector
efficiencies In our computation we have tried to take
into account all these parameters, although sometimes
it was somewhat difficult to extract from the papers
all the information needed to make a correct simu-
lation

Figs 3a—d show the experimental efficiencies together
with the Monte Carlo predictions for four counters of
thickness ranging between 150 and 305 mm. The data
of Wiegand et al %) (fig. 3a) are very well reproduced

Data of Gree'y et al (ref &) and of Young et al{ref 9)
Cyhndri~al georretry ~ NE 102
064 305 mm thick x 127 mm dian eter
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Fig 3 Comparison of efficiency measurements with the Monte Carlo predictions for neutron counters between 150 and 305 mm
thick (a) Wiegand et al ®). (b) Crabb et al 7), (c) Brady et al &) and Young et al ®), (d) Edelstein et al '3)
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over the full energy range; so are the data of Crabb
et al.”) (fig. 3b) for both the pointilike and the uniform
illumination conditions, which guaranteed the correct
treatment of edge effects. The data of Brady et al.®)
and Young et al.®) are also well simulated by the
Monte Carlo (fig. 3c), when ~10% lower threshold
was used. For 100< 7T, <170 MeV at a threshold of
2.0 MeV eq el. en, the data are as much as 10% higher
than the Monte Carlo prediction; on the other hand
such a discrepancy is not present at a threshold twice
as big, nor would one expect such a dependence of the
efficiency on threshold in that energy range. The
comparison with the data of Edelstein et al.*?) (fig. 3d)
is also very satisfactory, although a small disagreement
of ~5-10% may be noticed for a few points.

The experimental efficiencies of counters between
20 and 150 mm thick are shown in figs. 4a—d, together
with the Monte Carlo predictions. The agreement 1s
striking for the data of McNaughton et al.'?) (fig. 4a)
at the threshold of 1.0 MeV eq. el. en.; at the higher
threshold and for 7,>20 MeV, the prediction (ob-
tained at a threshold of 3 8 MeV eq. el. en.) is lower
than the experimental points, which is most pleasing,
since there are indications'®) that the measured effi-
ciency is too high by ~10% in that energy range.

Fig. 4. Comparison of efficiency measurements with the Monte
Carlo predictions for neutron counters between 20 and 150 mm
thick: (a) McNaughton et al.!%), (b) Riddle et al.?®), (c) Hunt et
al.1?), (d) Leleux et al.'#).
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The Monte Carlo prediction is also in good agreement
with the data of Riddle et al.'®) (fig. 4 b), except for
the two highest threshold values for 40 < T, <60 MeV,
where 1t is lower by <20% When extracting the
experimental data from fig. 3 of ref. 16, we also noticed
at the lowest threshold value an obvious error of the
efficiency scale, which we corrected for by applying
to the data a constant shift in efficiency of 0.02. A
discrepancy of < 15% 1s visible between the prediction
and the data of Hunt et al.'?) (fig 4c) at the lowest
threshold value for T,>25 MeV, whereas the experi-
mental efficrencies at the other thresholds are well
reproduced. Furthermore, the data do not show the
expected rise at 30 MeV as visible 1n the efficiency of
thicker counters at similar thresholds (around 1.0 MeV
eq. el en.), c.f. the data of Wiegand et al.?) presented in
fig 3a, Brady et al ®) n fig 3c, Edelstemn et al.'®) 1n
fig. 3d, and Mc¢Naughton et al.'®) in fig. 4a. The data
of Leleux et al.'*) have also been compared with the
Monte Carlo prediction (fig. 4d), obtained at a threshold
of 100 keV eq el en., as used by the same authors!#)
in therr comparison with other computational methods
The data are fairly well reproduced with a maximum
disagreement of ~ 10%.

Finally fig S5 shows the very good consistency
between the very high threshold (37 MeV eq. el. en.)
data of Bollini et al '°) and the predicted efficiency,
computed for the real geometry of the modular
counter.

Generally the agreement between the experimental
and Monte Carlo efficiencies 1s quite good and cer-
tainly much better than 10% overall; small discre-
pancies (10+15%) are noticeable in some comparisons
with measurements at high threshold (>4 MeV eq. el.
en.) for 40<7T,<90 MeV (c.f. also fig. 3 of ref. 111),
where the treatment of n—C inelastic channels is more
crucial. A small disagreement 1s also visible 1n the
comparison with the data of Hunt et al.'?) at the
lowest threshold (upper curve in fig. 4c) and Leleux
et al '*) (fig. 4d), but these are in the opposite sense.
Both these two counters are < 50 mm thick, and the
exact knowledge of the overall light output of the
counter becomes more relevant to the correct simu-
lation. Nevertheless in all the comparisons the experi-
mental data in the energy region immediately above
the threshold and for energies greater than 100 MeV
(also at very high threshold, c.f figs 3¢ and 5 and
fig 3 of ref 111) are always beautifully reproduced.

The computational methods of Kurz'~?) and
Stanton®) have been previously used by several
authors’~'®) for comparison with their own data. We
notice that our Monte Carlo results give much better
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agreement than Kurz’s predictions for most of the
experiments, especially for the data of McNaughton
et al.'®), Riddle et al.'®), Leleux et al.'*) and Bollin
et al.'?) (see figs. 4a, 4b, 4d and 5). We also think that
our predictions are better than Stanton’s for some
experiments, especially for the data of Young et al ?),
McNaughton et al.!%) and Leleux et al.'#) (see figs. 3c,
4a and 4d), and show at least the same agreement to
within 5% as quoted by Stanton®) and illustrated in
figs. 3a—d of ref 13, for the data of Crabb et al.”),
Brady et al.®), Edelstein et al.'3) and Hunt et al '?)
(see figs. 3b, 3c, 3d and 4c).

Finally we would like to stress that in our Monte
Carlo program the cross sections shown in figs. | and 2
were used, obtained directly from the experimental
data, without any ‘tuning’ as Stanton did®). This
proved to be very successful in the end, although a
better knowledge of each individual n-C inelastic
channel would be desirable for obtaining a complete
consistency between Monte Carlo and experimental
efficiencies.
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Fig. 5. Comparison of efficiency measurement with the Monte
Carlo prediction for a modular counterat a very high threshold!?)
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Note added in proof

Since this paper was originally published as a Daresbury
Laboratory Preprint (DL/P245, October 1975), other data have
become available in the literature on neutron-proton elastic
scattering from 58 to 391 MeV ''7) and on ''C total production
cross section 1n n'2C interactions between I and 2 GeV/c ''8)

Furthermore McNaughton et al ''?) have recently performed a
measurement of '2C(n,p) and '2C(n.d) reactions at 56 MeV, and
they have used this result to operate a critical appraisal of the
n~C 1nelastic cross sections (in particular the (n.p) and the
(n,n’3x) channels) used n the Stanton’s?) and Kurtz's') code to
predict neutron counter efficiencies It 1s very rewarding to notice
that the new experimental points lie very close to the extrapolated
cross sections presented here (see fig 2) McNaughton et al also
reach much the same conclusions on the other n—C nelastic
channels (n,o) and (n,n"y) as those of fig 2 The fact that very
close cross sections, used in different Monte Carlo programs,
give predictions in agreement between themselves and with the
experimentally measured efficiencies. give us confidence on the
adequate treatment of the n—C 1nelastic channels provided n this

paper
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