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ABSTRACT

Complete sets of cross sections for natural chlorine are presented for the range

of incident neutron energies from 0.02 ev to 18 Mev.
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1. INTRODUCTION

The naturally occurring isotopic mixture of chlorine consists of 75.4% C1% and
24,6% C1%". The following cross sections for this mixture have been compiled for
incident neutron energies from 0.02 ev to 18 Mev: or, on,y» on,ps 9n @ On,d

o

n,2ns 900> %n,x and On,ne The data are presented in Table 1. Cross sections
b 1

for production of neutrons by inelastic scattering, for production of gamma rays
by inelastic scattering, and for production of gamma rays by neutron capture are
given. Legendre polynomial coefficientsto describe the angular distribution of

elastically scattered neutrons are also given.

1t should be stated here that very little information is available on neutron inter-

actions with chlorine in the energy range above about 0.25 Mev.

1.1 NEUTRON CROSS SECTIONS FOR CHLORINE

1.1.1 The Total Cross Section, op

In the energy ranges below 1100 ev and above 0.2 Mev, the total cross section was
taken from BNL 325.12 From 0.2 to 0.75 Mev the data were averaged in such a
way as to preserve as well as possible the shape of the data. In this averaging
process the data were integrated by trapezoidal rule from the midpoint of the in-
terval below the mesh point in question to the midpoint of the interval above it,

and the integral divided by the energy range of the integration.
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In the range from 1100 ev to 0.2 Mev the total cross section was computed from
the resonance parameters given below, as was the value at the peak of the 405 ev

resonance, shown in the tables at 403 ev,

Isotope E, ) r, T, g £ Reference
35 - 210 1.38 0.5 0.0024 5/8 0 3
35 405 0.001888 0.5 0.070 5/8 1 3
35 1100 0.000169 0.5 0.050 5/8 1 3
35 4300 0.003965 0.5 0.035 5/8 1 3
37 8700 0.536 0.5 0 1/2 0 2
35 15 %103 0.245 0.5 0.10 1/2 0 3
35 17 x10% 0.268 0.5 0.10 1/2 0 3
- 25.5x10% 1.566 0.5 0 1/2 0 2
35 27 x10% 1.065 0.5 0 1/2 0 2
- 47 x10° 1.617 0.5 0 1/2 0 2
- 55 x10° 0.235 0.5 0 1/2 0 2
- 59 x10% 0.371 0.5 0 1/2 0 2
- 63 x10° 0.339 0.5 0 1/2 0 2
- 68.5 x10% 0.478 0.5 0 1/2 0 2
35 102 x10° 0.751 0.5 0 1/2 0 2
35 113 x10° 1,487 0.5 0 /2 0 2
37 125 x10° 0.424 0.5 0 1/2 0 2
37 128 x10% 0.839 0.5 0 /2 0 2
35 135 x10° 1,633 0.5 0 1/2 0 2
37 139 x108 2.146 0.5 0 172 0 2
35 143 x10% 1.058 0.5 0 1/2 0 2
37 145 x10° 3.808 0.5 0 1/2 0 2
37 159 x10° 1.755 0.5 0 1/2 0 2
37 180 x10° 2.593 0.5 0 /2 0 2
35 190 x10° 2.753 0.5 0 1/2 0 2
37 193 x10° 1.480 0.5 0 12 0 2
35 202 x10% 6.230 0.5 0 1/2 0 2

opot = 1.2 b. Energies and widths are given in ev. Where isotopic assignments
were made, the factor g was weighted by the isotopic abundance a in the calcula-
tions. Where there is no assignment, g was used without weighting. a (35) = 0,754,
a (37) = 0.246,
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1.1,2 The (n,y) Cross Section

The radiative capture cross section was measured by Meadows and Whalen* at
0.0253 ev. Their value is 34.2 barns. Popov and Shapiro,®® whose parameters
we have used for the lowest few resonances, use the value from BNL 325, 33.6 b.
For consistency with the resonance calcuations, we also have used 33.6 b at
0.025 ev. A 1/v line was carried through this point to 2 ev and then faired into
the cross-section curve calculated from the resonance parameters, finally coin-
ciding with that curve at about 40 ev. The calculated curve was followed up to
0.21 Mev above which a 1/E line was followed passing through 0.1 mb at about
0.3 Mev. The cross section was considered to go to zero at about 2 Mev because

of competition with other reactions.

1.1.3 The (n,p) Cross Section

For neutron energies below about 18 kev, the (n,p) cross section was calculated
from resonance parameters. Above this energy, we found only one measurement
of op p in CI%, that of Scalan and Fink® at 14.8 Mev. To give an indication of the
rising part of the cross section at high energies we have, therefore, adapted the
curve of On,p in phosphorus given in BNL 325.! Phosphorus is an odd-odd nucleus,
as is C1%. In addition, the Q value for the reaction in phosphorus is not vastly
different from the corresponding Q in chlorine so that the competition due to neu-
tron emission does not lead to very different level densities. Ashby and Catron’
give -0.7025 Mev as the Q for the (n,p) reaction in phosphorus and +0.6139 Mev in
C1%. Thus, the steep rise in the oy p curve in C1% should appear at an energy
about 1.3 Mev below that at which it appears in P. Accordingly, we have used a
smoothed version of the Op,p curve for P shifted in energy so that it rises most
steeply at about 0.5 Mev and becomes flat at about 4.5 Mev, remaining so until
about 8 Mev. The curve was then brought down through Scalan and Fink’s point at
14,8 Mev, For inclusion in this compilation the values had, of course, to be
weighted by 0.754, the abundance of C1*° in natural CL. In the range between 18 kev
and about 0.5 Mev, a 1/E curve was used which passed through 0.13 mb at 20 kev.
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BNL 325! shows a curve of o, ., in C1¥ rising sharply at about 12 Mev, and Scalan

n,p
and Fink® have measured this cross section at 14.8 Mev. These values are in good

agreement and were included in the tabulations weighted by the abundance of C1%¥,

1.1.4 The (n,a) Cross Section

In the range from 3 to 4 Mev, data for the (n,a) cross section in C1% came from
BNL 325.! The gap between this steeply rising part of the curve and the point at
14.8 Mev measured by Scalan and Fink® was bridged by a curve which rigses to a

peak at about 8 Mev and descends again at higher energies.

The only measurement found of op,« in C1%" is that of Scalan and Fink® at 14.8 Mev.
From examination of the Q values of Ashby and Catron’ for (n,p) and (n,a) reac-
tions in nearby odd-odd nuclides, we concluded that the (n,a) reaction could be ex-
pected to appear about 1 Mev below the (n,p) reaction. Accordingly, we have drawn
the curve for On,a starting at about 11 Mev and passing through Scalan and Fink’s
point at 14,8 Mev.

1.1.5 The (n,2n) Cross Section

Scalan and Finké have measured cross sections for the (n,2n) reaction leading to
the ground state of CI1* and to the 32.4 minute isomer. The sum of these has been
taken to be the (n,2n) cross section in C1%. Ashby and Catron’ give the Q value for
the (n,2n) reaction in CI% as -12.5 Mev. We have taken 12.5 Mev as the threshold
for the reaction and have drawn a curve through Scalan and Fink’s point. The Q
value for (n,2n) in C1°"is -10.3 Mev,’ and no measurement of %n,on in this isotope
was found in the literature. Because of this and because C1¥ is also three times

less abundant than C1%, we have taken o, in C1% to be oy ,p in natural chlorine.

1.1.6 The (n,n’) and (n,x) Cross Sections

No measurements of inelastic scattering of neutrons bv chlorine were found. In

the range from 4 to 11 Mev, values of the elastic scattering cross section were

n



taken from the work of Longley® and subtracted from values of the total cross sec-
tion from BNL 325.! The resulting nonelastic cross section was extended to lower
energies by assuming it to be equal to the (n,p) cross section at 1 Mev. It was as-
sumed to be constant at 1 b above 11 Mev.

The Landolt-Bdrnstein tables® show the first excited level in CI1® at 1.22 Mev and
that in C1%7 at 0.838 Mev. The spin and parity assignments, however, are insuffi-
cient to permit Hauser~Feshbach calculations of cross sections for the excitation
of individual levels. We therefore have taken the total inelastic scattering cross
section to be the difference between the nonelastic cross section described above
and the sum of the cross sections for all of the other nonelastic reactions. In the
region around 12 Mev, however, this technique led to a rise in On,n’ Which we con-
sidered to be very unlikely behavior. Therefore, we led the Op,n! CUrve smoothly
downward and ascribed that part of On,x to the appearance of a charged particle re-
action for which no measurements were available. It should be mentioned here
that the use of Longley’s® values of o, and the BNL 325! values of o gives a rising
curve of On,x in this range, making the situation worse rather than better.

Table 2 displays the cross section for inelastic scattering of neutrons from ener-
gy E to energy E’. It was calculated using a complete statistical assumption!® and

the following parameters:

E; = 1.0 Mev, energy of first level
Ey = 4.0 Mev, energy of transition to exponential density of levels
B = 1.0/Mev, level density for E; = E > E,
= 3.6/Mev, level density parameter for exponential distribution
density = exp (V2aE ) for E > E.

The spectrum of gamma rays following inelastic neutron scattering was computed
using Troubetzkoy’s statistical theory'! as embodied in the GRAINS computer pro-
gram. The same level density parameters were used as for the neutron spectrum,

This spectrum is shown in Table 3.
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E, Mev

18.0
17.1
1643
1545
14675
1440
13.3
12.7
12,1
11.5
1049
104
9.89
9441
8495
8651
8.10
Te70
7433
6497
6463
630
6400
5070
Se43
516
4e91
4467
Lol
4623
4402
3.82
3.64
3446
3629
3013
297
2483
2469
2456
2+44
2432
221
2410
2,00
1.90
l.81
1.72
1463
1455
1e48

Table 2 — Chiorine ~ Cross Sections for the Production of Inelastic Neutrons

q%nr
barns

o+ 704
e 707
«710
«716
«720
0724
e735
0742
«755
«773
+788
«804
«829
«856
+894
«923
¢ 944
974
«995
1.008
14002
«998
«975
«948
«924
«893
850
0836
«820
+803
o784
«767
e 749
0728
¢ 693
X435
0649
0625
«597
«578
0561
« 540
«518
0492
-3
¢430
0393
¢354
¢335
«314
« 294

0.5

«0683
00728
« 0774
«0809
00864
«0883
»0948
«1005
«1031
+1098
«1170
01246
«1409
«1370
+1395
¢1495
«1510
¢ 1544
01522
«1502
01463
«1337
e1214
01119
1044
« 0996
«0886
«0711
20686
« 0779
00847
« 0964
«1075
«1203
¢1333
«1486
21672
¢1866
2090
02375
02705
«3099
+3538
«4066
04640
5309
«5990
06829
«B440

100380
o0

1.0

«1063
°1110
01186
01242
«1310
¢1372
olbby
«1517
01582
«1687
01761
+1837
«1990
#2026
«2110
02178
02209
«2179
02169
«2082
01987
«1823
01626
1474
01337
01143
¢1016
01212
«1378
01555
01693
01929
02149
02406
02666
02971
3345
¢3733
4181
«4750
5411
«6198
e 7076
«8132
0

on,n'(E,E'), barns/Mev, for E’ given in Mev

1.5

01295
01341
01399
01453
+1511
«1583
«1659
«1704
«1784
01863
01942
«2006
«2096
02156
02235
02294
02275
02242
02219
02097
¢1974
01788
«1576
01616
01349
01482
¢1655
01822
¢2075
02345
02532
+2893
03224
3609
¢3999
04457
«5017
#5599
06271
e7125

2.0

¢1360
01404
elbhb
¢1504
e1553
«1596
«1658
#1707
«1765
«1837
+1886
01942
«1983
«2050
22092
02123
02084
«2023
¢1985
¢1852
01713
01524
«1380
01564
+1800
01982
«2203
«2430
02604
«3120
¢3371
«3858
«4299
4812
05332
¢5942
o0

3.0

01257
«1301
01310
¢1337
01359
01376
01402
01419
01438
e1l465
«16475
«1479
01492
¢148]
01489
01463
01397
01321
01261
01220
01445
01634
01989
02335
«2700
02869
¢3315
03647
3905
4590
¢5057
0

4.0

«1021
«1025
21019
«1020
#1033
«1022
+1014
«1011
«1004
«1001
«0982
+0961
00942
20912
+0872
« 0840
e 0774
20934
01224
e1542
01924
02211
02652
¢3113
«3600
23964
o0

6.0

¢0533
00516
+0497
00474
00451
00431
00406
00384
00362
00335
«0307
+0280
20279
«0394
00561
+0785
«1051
21400
01846
22319
o0

8.0

«0228
+0209
«0192
00174
«0153
«0135
+0118
«0102
«0089
«0118
«0182
00257
«0372
«0529
+ 0745
.0

10,0

200803
«00672
¢ 00604
000487
«00396
«00398
«00478
«00742
«01004
«01507
0
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Table 3 — Chlorine — Cross Sections for Gamma Ray Production Following Neutron

R, Mev

1840
17.1
16.3
155
14475
1440
13.3
12,7
1261
11,5
10.9
10.4
9.89
9441
8'9“
8.51
8.10
7470
7433
6497
6463
6430
6000
5.70
5,43
5416
4491
4467
4ottt
4423
4402
3,82
3464
3446
3429
3,13
2.97
2483
2469
2456
2.44
2.32
2421
2410
2400
1.90
1.81
1.72
1463
1455
1.48
le41
1.34
1.27
1.21
1.15
1,096
1042

[ Sy

batns

e 704
¢ 707
«710
o716
«720
e 724
«735
o742
¢ 755
«773
«788
+ 804
«829
«856
.89‘.
0923
« 944
0974
¢ 995
1.008
1,002
«998
«975
¢ 948
0924
«893
«850
«836
«820
«803
«784
o767
e 749
«728
«699
0674
0649
0625
¢597
«578
¢561
540
«518
0492
0464
«430
«393
0354
e335
e314
0294
0270
0243
«210
«176
0139
e 097
0047

Ineiastic Scattering

On,n'y(E,Ey),barns, for E, between Group Boundaries, given in Mev

0-.5

«001
«001
«001
«001
«001
+001
«001
+001
«001
+001
«001
«001
«001
«001
«001
«001
+001
#+001
«001
+001
+001
«001
«001
»001
«001
«001
«001
«001
«001
«001
001
«001
«001
+001
«001
«001
«001
«001
«001
«001
¢ 001
«001
«001
<001
«001
«001
«000
« 000
«000
«000
«000
«000
+000
«000
« 000
<000
«000
«000

.5-1.

o014
«0l4
«01l4
o014
0013

«013.

013
#0013
+013
«014
0014
o014
«014
015
«015
«016
e017
«018
»019
«020
«020
«021
0021
+021
«022
«022
«021
0022
0022
0022
«023
«023
2023
«023
0023
«023
«023
«023
023
«023
«023
0024
«024
0024
«024
0025
«025
«025
0027
0029
«031
¢033
0036
#0039
0042
2046
+050
e 047

1.-1.5

«134
o134
el34
0134
e135
e135
el36
«137
«140
0143
el46
o150
o156
e162
o172
«181
«190
202
0214
0225
«234
e243
0ch8
252
e256
«258
0256
0262
«267
0272
«277
0282
+288
«293
295
298
«»303
«307
¢311
e318
2327
335
e342
e348
0349
e 346
0336
e321
«320
«311
293
0269
0242
«208
.17“
«139
«095
«039

1.5-2.

e1l15
o115
«l14
ella
o113
e112
e112
e112
o113
o114
o116
o118
0122
v126
¢133
0140
«la7
e156
«166
e176
«183
0192
+196
«200
0203
.204
201
«205
.207
209
+210
0212
0212
0212
«209
0206
«204
200
0194
«190
v184
o174
o161
ol4l
e115
«084
« 057
«033
«014
« 009
« 000

2.-3.

2210
2206
0202
«198
«194
«189
+186
«182
0181
«179
«178
«178
»180
«185
«194
0204
¢215
«230
245
0261
«272
0283
287
«289
«289
«285
0274
«272
0267
0260
e251
0242
0231
0217
«197
+176
«148
0122
«095
«071
«050
030
«015
«007
« 000

3.-4.

«206
e198
«191
«184
0176
«167
«160
0153
0147
o142
e138
2135
«136
o139
0146
e154
0163
.174
e184
«190
»191
«190
«183
«172
0162
elag
e133
0121
«108
«093
«074
«054
«037
e022
«010
e 002
«000

4.-6.

e425
0404
«384
364
0343
0321
«304
289
0277
«270
«267
0271
«282
296
315
328
«334
«335
325
«306
«277
0240
¢193
el43
+104
+«070
e 044
«025
»011
«003
«000

6.-8.

e346
0326
«307
0289
«272
0258
0250
0246
*248
0256
«265
0272
+276
0274
0266
0247
0212
e162
o115
+071
+034
#001
000

8.-10.

«208
«195
«185
.177
«173
0172
w176
«179
«180
.177
0165
«149
0118
« 082
049
«018
«001
« 000

10.-18

0172
0163
¢156
0149
139
0127
+109
«090
«069
2046
0023
+006
2000




1.1,7 The (n,d) Cross Section
Ashby and Catron’ give the Q value for the (n,d) reaction in C1% as -4.14 Mev and,

in C1¥, as -6.17 Mev. No measurements of cross sections for this reaction were
found in the literature. We have ascribed the extra part of oy, x to this reaction.
That the cross section rises steeply at about 11 Mev, rather than about 4 Mev as
given by the Q value for (n,d) in C1%, is not implausible. Coulomb barrier effects
and competition of the (n,p) and (n,a) reactions both may be expected to inhibit the
(n,d) reaction for some distance above its threshold.

1.1.8 The Elastic Scattering Cross Section, gy

In the range of incident neutron energies from 4 to 11 Mev values of o, were taken

from the work of Longley.® Elsewhere the relation Op = O - Op x Was used.

1.2 ANGULAR DISTRIBUTION OF ELASTICALLY SCATTERED NEUTRONS
Guseinov and Nikolaev!? show the angular distribution of fast neutrons elastically
scattered from chlorine to be similar to that from potassium. We, therefore,
have used the Legendre coefficients for potassium from UNC-5002.1* (See

Table 4.)

1.3 GAMMA RAYS FROM NEUTRON CAPTURE
Groshev! lists 31 gamma rays emitted in the capture of thermal neutrons by
chlorine, These are listed below, We have assumed that the spectrum of gammas

is independent of the energy of the captured neutron.

Intensity, Intensity, Intensity,

E,, Mev 9 E,,Mev % E,, Mev %

8.58 2.8 4.79 1.9 2.88 9.5
17.79 7.8 4,64 2.3 2,83 2.
.42 14, 4,50 2.2 2.71 2,
6.99 1.9 4,15 2,3 2,51 1
6.64 14.4 4,05 2.1 195 29.
6.11 21.4 3.90 1.8 1.72 1,
5.72 5.6 3.63 2.9 1.67 1,

5.50 2. 3.40 3.6 1.60 2.4
5.28 1.6 3.08 4.5 1.165 36.
4,98 6. 3.02 3.5 0.79 23.
0.51 <26.
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