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Abstract: Differential production cross sections for 63 discrete gamma-rays from

14 .9MeV neutron induced 59

Co(n,x¥) reactions were measured with a Ge(Le) detector at

30° to 140°. The pulsed-beam time-of-flight technique was employed for background

reduction. probable reaction types and transitions of the better part of gamma-ray

lines were assigned. Neutron inelastic scattering cross sections for 10 levels and

total neutron inelastic scattering cross section of 5900 in 14.9MeV incident neutron

energy were obtained.
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discrete gamma-ray production cross section, neutron inelastic scattering cross sec-

tion)

Introduction

The researches of associated gamma-ray spec-
tra and production cross sections from fast neu-
tron induced nuclear reactions not only have been
a powerful tool of studying nuclear strutures and
nuclear reaction mechanism, but also can provide
useful nuclear data for nuclear engineerings and
nuclear technology applications. Cobalt is an im-
portant constituent of ferrous alloys which are
used as structural materials in reactor and other
installations where fast neutrons abound. Its
energy level and decay scheme are also of interest
from a basic physics point of view. In the inci-
dent neutron energy range 1 to 5MeV a lot of mea-
surements of gamma-ray spectra and production
cross sections for 59Co(n,n'i)”Co reactions have

1-4

been made s Which ever played an important part
in establishment of energy level and decay scheme
in *%co.

In recent years the developments of fusion
reactors require to obtain gamma-ray production
cross section and neutron inelastic scattering
cross section data in higher incident neutron
energy. But only V. Corcalcivc5 measured a part of
gamma-ray production cross section data from

59Co(n,xi) reaction in the incident neutron energy

.- range 16.2 to 21.8MeV so far, in which only 22

gamma-ray lines were determmined and there appear

larger systematic errors in obtained cross sec-

tion data.
In present work discrete gamma-ray spectra

for 59Co(n,xi) reactions in 14.9MeV incident neu-
tron energy were measured respectively at 7
angles between 30° and 140° to the incident neu-
tron direction. Differential cross sections and
angular distributions of 63 individual gamma-ray
lines are determined, probable reaction types and
transitions of the better part of the gamma-ray
lines were assigned, as well as neutron inelastic
scattering cross sections for 10 levels and total
neutron inelastic scattering cross section of
5900 in 14,.9MeV incident neutron energy were ob-

tained.

Ixperimental Methods

The experimental arrangement is shown in
Fig.l. The experiments were carried out at a
pulsed neutron time-of-flight facility based on
a LOOKV Cockcroft Walton accelerator. Monoenerge-
tic 14.9MeV neutrons were obtained from T(d,n)hHe
reactions using 300keV pulsed deuteron and a so-
1lid T-Ti target. The repetition frequency of
pulsed beams was 3.16MHz. The FWHM of pulses was
1 ns or so. Averaged deuteron beam current was

4 pa, and averaged neutron intensity was about

5x108/sec. The neutron flux incident upon the
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Fig. 1 General view of the experimental set-up

sample was determined by associated alpha par-
ticle counting with a Au-Si detector. The cobalt
sample is a solid cylinder in 3cm diameter and
3cm high, the purity of which is more than 99.9%.
The sample was placed on the deuteron beam axis
direction and at 13.4cm from theS;eutron target.

The gamma-ray spectra from ~’Co(n,x)y) reac-
tions were detected by the coxial Ge(Li) detector
which was placed in a heavy shield. Its full
energy peak efficiency curve from 26keV to 10.8
MeV, and single and double escape peak efficiency
curves from 1.77 to 10.8MeV (Fig.2) were obtained
by means of 7 standard gamma-ray sources and 6
multiline gamma-ray sources with known relative
intensities,

The pulsed-beam time-of-flight technique was
employed to reduce background caused by primary
and scattered neutrons. The time spectrum of the
pulses in the Ge(li) detector relative to the
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Fig.2 Efficiency curve for coaxial
Ge(Li) detector

L 6 8 10"

beam-burst pickoff time is shown in Fig.3. 35 ns
time window width was used in the measurement.
For a angle the gamma-~ray spectrum with the
sample in beam, the activation background spec-
trum with the sample out beam and the background
spectrum without sample in beam were in sequence
measured. The gamma-ray spectrum at 90° is shown
in Fig.4.

Data reduction

The details of calculation methods of diffe-
rential gamma-ray production cross section can be
seen in ref.6. In the data reduction of cobalt
sample some corrections for neutron and gamma-ray
yields were considered as following: the neutron
attenuation in the backing and cooling water of
the neutron target was estimated to be 2.5%, the
neutron and gamma-ray attenuation corrections in
the sample are 29,2% and 50.2-628.9% respective-
ly, the neutron elastic and inelastic multiple
scattering corrections are 7.9% and 3.7% respec-
tively. The corrections for gamma-ray count loss
caused by the threshold of timing channel of the
Ge(Li) detector, which should be considered for
the gamma-rays with energies less than 180keV,
were also made. The calculation methods for above
listed corrections can be found in ref.6 and
ref.7. The neutron and gamma-ray cross section
data of cobalt used in these calculations were
taken from ENDF/B-IV and ref,8,

The errors of the differential cross sec-

tions were estimated taking account of the uncer-
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Fig., gamsa ray spectrum from Co(n,x¥) reactions (En=14.9MeV, #=90deg.)

tainties in 1. determining the counts Ny(Ey,#9)
in the full energy peak, which depends on the in-
dividual gamma-ray peak (1%-100%), 2. determining
the neutron flux ¢h1 incident upon the

sample (2%-4%), 3. absolute detection efficiency
for full energy peak £(Ey) (1.5%-3.0%), 4. the
correction factor f (1.0%-3.0%).

Results and discussions

The differential cross sections of 63 gamma-
ray lines for the interactions of 14.9MeV neutron
with cobalt sample were listed in Table 1. In
110° measurement differential cross section of
111.5keV gamma-ray line is not given be-
cause threshold of time channel of the Ge(Li) de~
tector was set uncorrectly. It can be seen
from Table 1 that gamma-ray emissions from 14.9
MeV neutron induced 59Co(n,x1) reactions are bas-
sically isotropic.

In addition, probable reaction types and
transitions of every gamma-ray line besides
1396.5keV line were also given in Table 1 accor-
ding to ref.9-11, in which some assignments only
preliminary and further research is being made.

The neutron inelastic scattering cross sec-
tions of 10 energy levels of 5900 in 14.9MeV in-

cident neutron energy were obtained from the re-

sults of (n,n'y) reaction in Table 1 and listed

in Table 2. In fact, oh,n'(EL) values in Table 2

Table 2. The neutron inelastic scattering

cross sections of 10 energy levels of 59Co

in 14,.9MeV incident neutron energy

EL(keV) |oT,n'(EL)(mb) | EL(keV) |oh,n'(EL) (mb)1
1190.1 147.147.4 2153.1 88.04 .4
1291.2 33.212.3 2183.0 49,613.5
1459.2 115.445.8 | 2204.5 15.645.0
181.6 52,443.1 2539.8 32,349.6

only are the prescribed maximum because it is pos-
sible that the transition gamma-rays with higher
energy from higher levels to EL level couldn't be
detected becanse of limitation of the Ge(li) de-
tector efficiency for the gamma-rays with higher
energy.

The total inelastic scattering cross section
from 14.9MeV neutron induced 59Co(n,n'i)59Co
reactions, which were obtained from Table 2, was
617437mb. Of course, this value is only the pres-
cribed minimum because of similar reason as men-

tioned above.
REFERENCE
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Table 1 Differential gamma-ray production cross sections
for 14.9MeV neutron interactions with cobalt sample

Ey Probable Transition Differential Cross Section (mb/sr)
(keV) Reaction (keV) 30 deg. 40 deg. 55 deg. 90 deg. 110 deg. 125 deg. 140 deg.
11.5 (n,2n) 111.5-0.0 5.3240.31 5.,3110.31 5.1610.30 5.1510.30 5.5440.32 ) 5.1340.71
142.3 (n,o) 2159.1-2016.5 0.54640.115 0.54440.100 | 0.61340.102 | 0.561+0.112 | 0.53040.106 | 0.65310.130 | 0.58110.116
211.9 (n,a) 211.9-0.0 1.2540.19 1.2240.14 1.3140.09 1.1530.11 1.2230.11 1.0410.10 1.0510.09

235.7 (n,2n) 1749.4+-1513.7 0.91710.364 0.68010.136 | 0.86240.170 | 0.80110.160 | 0.500$0.241 | 0.79910.160 | 0,814+0.165
262.7 (n,n') 1744 .3-1481.6 0.53040.186 0.49010.098 | 0,49210.160 | 0.51810.076 | 0.508+0.116 | 0.465£0,082 | 0,56640.097

269.0 (n,n*) 1459.1-1190.1 | 1.1440.23 1.0740.11 1,120.11 0.89040.100 | 0.89840.107 | 1.1610.10 1,0110.18
302.6 (n,2n) 1378.0-1075.4 | O.44530.142 | 0.64040.100 | 0.61110.102 | 0.67140.086 | 0.70840.097 | 0.67610.119 | 0,6800.090
320.9 (n,2n) 373.7-52.8 9.9840. 50, 9.9910.47 10,8310.51 | 10.90#0.51 | 10.4810.49 | 10.5410.49 | 10.09+0,31
333.1 (n,n') 34,23.7-3090.6 | 0.5320.106 | 0,54430.410 | 0.56440.088 | 0.64430.071 | 0.41310.083 | 0.47310.074 | 0.65840.133
335.3 (n,d) 335.3-0.0 0.61940.124 | 0.69040.138 | 0.57120.089 | 0.78040.085 | 0.41940.100 | 0.70810.078 | 0.74310.180
345.9 (n,2n) 457.4-111.5 0.91310.146 | 0.73210.100 | 1.020.11 0.96410,100 | 0,90210.099 | 0.95910.083 | 0.99410.075
349.2 (n,2n) 373.7-24.9 0.70210.112 | 0.66240.090 | 0.81410.089 | 0.63240.090 | 0.73040.080 | 0.94410.095 | 0.845+0.064
365.7 (n,2n) 365.7-0.0 5.0940,27 4.8740.25 5,1610.31 4.9410.25 4.9110.25 5.2340,26 5.2520,18
382.5 (n,n") 1481.6-1099.1 | 1.1710.13 1.2110,12 1.1240.11 1.25:0,10 1.0840.11 1.3840.15 1.310.10
432.5 (n,2n) 457.4-24.9 5.2820.29 5.1840.26 5.8510.29 5.5910.28 5.0240,25 5.6010,28 5.4140,19

452.3 (n,nt) 2539.6-2087.3 | 0.68810.175 | 0.64610,142 | 0.93710.132 | 0.76310.080 | 0.896£0.123 | 1.0110.12 0,68310.138
472.9 (n,2n) 1522,3-1049.4 | 0.97210.147 1.0510.20 0,88510.122 | 0.95610.233 | 0,81740,105 | 0.86940,080 | 0,93510.158

494..0 (n,ol) 1980.0-1486.0 | 1.0410.15 1.060.11 0.9400.103 | 1.010.10 1.0210.09 0.83910,086 | 1.0410.12
504.5 (n,2n) 1548.6-10b4.1 | 2.0130.22 2.3540.24 2.3210.13 2.1710.18 2,3410.16 2.0840.17 1.8510.17
520.3 (n,2n) 1757.4-1237.0 | 0.418#0.113 | 0.47640.200 | 0.47130.092 | 0.59840.123 | 0.25740.100 | 0.54940.391 | 0.542%0.159
541.2 (n,n') 5256,0-4714.8 | 0.30010.125 | 0,48010.100 | 0.42130.144 | 0.42510.087 [ 0.47040.115 | 0.400£0.070 | 0.55520,167
554,,2 (n,n') 1744.3-1190.1 | 1.5240.16 1.6310.14 1.7540.15 1.7110.13 1.5430,12 1.5410.11 1.8940,21
570.8 (n,p) 570.8-0.0 1.8640.17 1.8320.11 1.5740.13 1.7210.11 1.8710.14 1.8210.12 1.8920,13
579.9 (n,o) 1239.9-660.0 0.87320.,175 | 0.774%0.235 | 1.1040.23 0.9190.144 | 1.0810.17 0.92810.145 | 1.0110.15

582.8 (n,2n) 1039.1-456.3 0.55310.166 0.49510.249 | 0.68610.174 | 0.545£0.117 | 0.66710.137 | 0.542£0,111 { 0.55440.112
649.9 (n,n') 2712.7-2062.8 0.52310.110 0.7480.227 | 0.6031£0.145 | 0,75610.120 | 0,52710.105 { 0,66610.133 | 0,54810,738
693.9 (n,n*) 2153.1-1459.2 6.1810.37 6.1040.31 6.1740.29 6.1210.31 6.2540.32 5.7840.27 6.,2740.27

701.7 (n,2n) 1075.4-373.7 0.86940.320 0.76110.334 | 0.92910.282 | 0.70810.284 | 0.68210.240 | 0.865+0.262 | 0,79210.315
722.9 (n,n'") 2204, 5-1481.6 0.57440.,100 0.569+0.117 | 0.60940.125 | 0.67910.172 | 0.55040.113 [ 0.70410.14k | 0,6940,2709

727.1 (n,2n) 1184 .5-h57.h 2.3640.17 1.9040.21 2,2810.25 2.2210.15 2,1240,23 2.1240,33 2,1240.1,
774.0 (n,2n) 885.5-111.5 1.090.19 1,1110.12 1.5430.14 1.4740,12 1.3440.15 1,7110.30 1.3040.26
795.5 (n,n") 2539.8-174h.3 | 1.5940.44 1.5540.13 1.8940.16 1.6710.12 1,8140.14 1.9810.15 1.8510.16
810.5 (n,np) 810,5-0.0 5.7940.31 5.6240.27 6.2110.30 5.6430.28 5.6310.30 6.1210.30 5.71+0.19
871.0 (n,2n) 1236.7-365.7 0.59740.161 | 0.78840,100 | 1,0310.12 0.78210.115 | 0.75740.108 | 1.10+0.11 0.81810.100
89,.8 (n,np). 4139.0-3244.2 | 0.83910.168 | 0.653+0,102 | 0,82740.121 | 0.683+0.140 | 0.66320.260 | 0,85410.125 | 0.878+0.177

913.3 (n,n') 2204,5-1291.2

(n,2n) 2348.0-1434.7 | 0.58310.175 | 0.54820.091 | 0.66110.135 | 0.49840.102 | 0.79120.295 | 0.61130.095 | 0.59%10,126
963.0 (n,nt) 2153.1-1190.1 | 0.91110.137 | 1.3110.13 0.77140.100 | 0.78310.110 | 0.77940.087 | 0.82740.098 | 0.79110.100
992,2 (n,n') 2183,0-1190.1 | 3.920.31 £4.0240.26 4,0040,20 £4.1610.22 4.0340.24 3.440,20 4.,0810.,21
1013.9 | (n,np) 3890.0-2876.1 | 0.434$0.217 | 0.425$0.129 | 0.42610.171 | 0.40210.162 | 0.37910.296 | 0.32740.296 | 0,30210.151
1023.0 | (n,2n) 1075.4-52.8 1.2540.16 1.0310.11 1.2630.11 0.70410.090 | 0,96210.145 | 1.0410.10 0.87410, 700
1040.3 | (n,2n) 1040.3-0.0 1.410.23 1.60£0.13 1.1810.13 0.99940.156 | 1.3640.21 1,2510.12 1.2240,25
1044.2 | (n,2n) 1044 .2-0.0 0.86510.173 | 0.84410.092 | 0.79410.124 | 0.73010.121 | 0.97410.199 | 0.93310.103 | 0.989:0.199
1050.5 | (n,2n) 1075.4-24.9 8.8740.47 8.6910.51 8.9010.45 8. 741041 8.6310.39 8.9140.42 8.8740, 30
1099.0 | (n,n') 1099.0-0.0 5.2610,27 5.0210.25 5.5140,27 5.2740.25 4.9740,26 5.2310.26 5,2510,21
1125.2 | (n,2n) 1236.7-111.5 0.72210.133 | 0.70240.109 | 0.82210.097 | 0.40040.201 | 0.50340.103 | 0.556£0.168 | 0.375:0.188
171.7 | (n,n*) 4086,3-2914.6 | 1.8140.20 1.8210,13 1.7540.13 1.8110.18 1.9540,36 2,0710.17 2,0840,20
1190.1 | (n,n") 1190,1-0.0 19.8320.99 19,9310.74 | 19.7140.90 | 19.3510.84 | 18.5710.79 | 18.5810.82 | 18.6810.59
1236.7 | (n,2n) 1236,7-0.0 1.3940.28 1.38:0.28 1.46£0.29 1.2210.16 1.4420.25 1.4540.30 1.3240.26
1265.4 | {n,2n) 1290.3-24.9 1.5140.16 1.5840.12 1.4310,12 1.2110,11 1,2940.12 1.1420,12 1.4430.15
1291.2 | (nm,n') 1291.2-0.0 2.8940,19 3.0740.16 3.5610.21 3.3510,20 3.2210.19 3.4510,22 3.2240,21
1323.3 | (n,np) 2133,8-810.5 0.455£0,137 | 0.45610.126 | 0,57610,100 | 0.47440.097 | 0.45810.139 | 0.55740.280 | 0,57310.1°1
1327.1 | (n,2n) 1351.5-24.9 0.59310.180 | 0.57510.184 | 0.73240.244 | 1.1130.14 0.86910.220 | 0.57940.291 | 0.9760,197
1396.5 0.46810,140 | 0.48210,100 | 0.74240.225 | 0.55840.133 | 0.63710.320 | 0.72410.363 | 0.744$0.113
1398.9 | (n,d) 1509.4-110.5 0.42210.136 | 0.46010.094 | 0.585:0.177 | 0.63840.154 | 0.56910.286 | 0,67210.337 | 0,629:0.177
1411.5 | (n,a) 1865.8-454.3 0.43530.17 | 0.45740.139 | 0.28020.174 | 0,31540,083 | 0,43040,216 { 0,500£0.250 | 0,6240.119
1459,2 (n,n') 1459.2-0.0 14.5010.73 14.2630,62 | 15,6920.69 | 13.6130.63 | 13.4510,61 | 14.0240.63 | 14.2740.41
1481.6 | (n,n') 1481.6-0.0 £.2040.28 3.7610.20 £4.6840.25 4,0040.21 3.9040,21 4,.1040.24 3.9640,29
15240 | (n,a) 1865.0-341.0 0.30840.100 | 0,35940.109 | 0,298£0.090 | 0.319#0.160 | 0.22610.113 { 0.35240,142 | 0,42620,168
1555.3 | (n,2n) 1555.3-0.0 0.25640.297 | 0.44310.134 | 0,62610,190 | 0.2530,140 | 0,52240.210 | 0,50540,217 | 0.46010.276
1726,2 | (n,np) 3860.0-2133.8 | 0.56410,272 | 0.635:0.225 | 0.69310.279 | 0.41740.120 | 0.49420.248 | 0.649£0.23% | 0.54610.219
17%4.3 | (n,n’ 1744 .3-0,0 2,0510.22 2,2810,23 2,30£0.15 2,3510,1 2,2840,24 2,4740,18 2.2810,28
1993.5 (n,2n) 2105.0-111,5 0.51840,142 0,46510,114 | 0.40020,320 | 0,30040,100 | 0,376£0.264 | 0,44310,222 | 0,61540,247
2087.3 (n,n*) 2087,3-0.0 0.63110,L48 0,60910,128 | 0,779£0.236 | 0,63810.150 ] 0,75620,349 | 0.55740,208 | 0,76910.232
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