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Abstract ; Differential and total cross-sections for neutron elas­
tic scattering and inelastic scattering to the first excited 
state of Ni have I-cen calculated from 2 to 8.5 MeV in about 
1 MeV steps. The cross-sections were computed by using the opti­
cal model for the elastic scattering, the statistical theory for 
the compound processes and the DWBA theory for the direct inelas­
tic scattering. The optical model parameters of Wilmore and 
Hodgson were used. The combined predicts of Hauser-Feshbach-Mo1-
hauer, optical model and DWBA calculations are in good agreement 
with available experimental Cata. 

INTRODUCTION 

The reactor physicists and desianers are the princinal users 
of the neutron data. Their requirement is for the cross-sections of 
all neutron induced absorption and scatterincr reactions ranoinn from 
0 to 15 MeV, for a larae portion of nuclei over the whole periodic 
table [1] . 
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Takina into account the difficulty of some neutron measure­

ments concernina their precision and, in some cases the experimental 

methods still not sufficiently developed, a solution seems to be the 

use of the nuclear model calculations. These calculations can be as 

accurate as an experimental measurement. 

Since the scatterina data on °Ni are included in lists of 

neutron nuclear data requests, reported in this paper are the calcu­

lations of neutron scatterina cross-sections on Ni in the energy 

range from 2 to 8.5 MeV. The differential and total cross-sections 

were obtained usina the optical model for the elastic scattering 

the statistical theory for the compound processes and the DWBA 

theory for the direct inelastic scatterina. 

The calculations are compared with available experimental 

data [2] . Since a aood aareement was obtained, the same computatio­

nal procedure has been used for obtaining cross-sections en Ni at 

other enemies. 

RESULTS OF THE CALCULATIONS 

The calculations for neutron scatterina cross-sections on 

6o 

Ni were performed at E = 2 , 3, 4, 5.o5, 6.44, 7.54 and 8.56 MeV. 

The inelastic scattering was calculated for the first excited state 

of Ni. The direct interaction component of the calculated cross -

sections was added to the compound nucleus contribution, assuming 

that there is no interference between conn ound and direct processes. 

The details of the procedure are aiven elsewhere [3] . 

To obtain the shape elastic cross-sections the computer code 

SANDA [4] was used. The optical potential form used was of standard 

tvoe with a Saxon-derivative imaginary part and without spin-orbit 
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coupling term. The dtrect-interaction contribution to the inelastic 

scattering was calculated with the computer code ELISA in the dis-

orded-waves Born approximation (DWBA) with zero-ranqe interaction 

and neglecting the spin-orbit couolinci. The value of 62 for the first 

2 excited state in Ni was taken as 0.20 in accordance with pre­

vious data [5]. The nonlocal optical model parameters of Perev and 

Buck |J>] were used throughout this work. In the comauter codes SANDA 

and ELISA they entered in their local eauivalent form by Wilmore and 

Hodgson [7j . 

The compound-elastic cross-sections toaether with compound -

inelastic cross-sections were estimated by the Hauser-Feshbach theory 

with the computer code COSTIN [8]. The Moldauer corrections for the 

level width fluctuations was taken into account. The statistical mo­

del calculations are referred below as HFM calculations. The trans -

misions coefficients calculated with the nonlocal optical model para­

meters of Perev and Buck are used in the estimation of the compound 

processes. The competition of (n,p) and (n,a) open channels is con­

sidered. The known enerqy levels populated in the residual nuclei via 

the compound nucleus are created explicitly, while the unknown level 

schemes at higher excitations are simulated bv the level density 

function of Gilbert and Cameron [9]. 

The combined predictions of the optical model, DWBA and the 

HFM calculations are in good agreement with measured data, as it can 

be seen in figs.1,2 and 3. Therefore, it can be concluded that in the 

corresponding eneray region the measured elastic and inelastic cross-

sections for °Ni are well described by the predictions of the sta­

tistical model and the direct interaction mechanism. The auality of 

» 

Written by G.Vladuca 



4 

the fit gives, confidence to extrapolate the calculation at lower ener­

gies, where, in the authors' knowledge, measurements are lackincr. The 

results of the calculations are given in tables I-III. It can be seen 

that the excitation of the first state in °Ni by r.nelastic scattering 

is mainly caused bv direct processes at enemies hiejher than 6 MeV. 

The level of precision corresponding to the use of average 

optical model parameters justifies the fact no effort was made to in­

troduce more refinements into the calculations, e.g. a coupled-chanr.els 

aoDroach to the direct interaction. Also the resonance-interference 

effect [10] was neglected in the compound elastic scattering. On the 

other hand, previous measurements in the same mass region £11^ provide 

best-fit sets of optical model parameters, which at energies lower 

than 4 MeV show appreciable fluctuations. Consequently, at higher 

energies the conventional nuclear reactions theories with average 

optical model parameters provide an efficient and reliable aid in eva-

luatinq neutron scatterinq data on even-even nickel isotopes,while the 

results of the calculations below 4 MeV incident energy should be re-

aarded with some care. 
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Fig.l. 

Comparison between calculated elastic differential cross-sections 

and measured data. The experimental da;a were taken from ref.2. 



401—r 

tf 

t 

- Q tf 

T — i — i r — i — i — r — i — « 1 — i i » " 

Q = -i.33 MeV 

En ^6At*±0.07MeV 

DWBA +HFM 

En^7m5*t±0.06 MeV 

0V8 A + Hf M 

>I En= 8.56 ±0.05 Hel/ 

DWSfiT+hFtf I 

fQ\ 1 1 1 i I _l 1 I l ' i t ' I I 1 L 

30° 60' a 90" no9 150" 180° 
'CM 

F i g . ? . 

Comparison between calculated inelastic differential cross-sections 

and e *per imen ta 1 data. The neasured argular distributions vere taker, 

from ref. 2. 



3M0 

F i z . 3 . The t heor.' ' i • 1 i 

integrated .- r o > :- - s c < -

t i o n s C f u 1 1 : i n f > 

represent the sun . : 

the direct interaction 

(dotted curves > c . • -i p u t e d 

by using the optical 

model (elastic) and 

DW3A (inelastic) and 

the compound nucleus 

c o n t r i b u t i o n , computed 

with the Hauser-Feshhac I-

theory (dashed c u r v e s ) . 

The experimental data 

were taken from ref.2. 

E*(MeV) 



8 -
T A B L E I . 

The calculated differonti&l cross-sect ions for neutron 
e las t ic scat ter ing on Ni in mb/sr. The op t i ca l model 
calculations were denoted bj OM and the s t a t i s t i c a l 
model calculations by HFM. 

9° 

->o 

20 

30 

40 

50 

60 

70 

30 

, 90 
t 

100 

110 

120 

130 

140 

150 

ir,0 

170 

100 

B - 2 MeV n 

f(i 
877 .8 

73LJ.1 

533.4 

330 .3 

164.7 

59 ,57 

16.17 

18.30 

41 .63 

63 .70 

71 .95 

64,22 

48-45 

35 .25 

31 .63 

37,34 

45.98 

49 .96 

$(Q)HFM 

178.6 

160.3 

136.4 

113.0 

94 .47 

' 88 .05 

74 .94 

71 .53 

70 .55 

71 .53 

74 .94 

82 .05 

94.47 

113 .0 

136.4 

160 .3 

178 ,6 

185.5 

Q(B) 
1056 

892^4 

669.8 

443 .3 

359 .2 

141.6 

£1.11 

8 9 . 8 3 

112.8 

135.2 

146.9 

146 .3 

142.9 

148 ,3 

168 .0 

197,6 

224.6 

235 .5 

E = 3 MeV n 

W)QM 

1202 

9 6 4 . 3 

655 .8 

3 6 3 . 3 

148 .3 

31 .76 

0,112 

20 .87 

58 ,62 

8 5 , 7 7 

88 .19 

66 .89 

35 ,04 

10 .33 

4 .776 

17.58 -

35 .95 

44 .37 

WHFM 

102 .8 

8 9 . 8 5 

7 3 . 5 8 

58 ,71 

4 7 . 9 0 

4 1 , 3 4 

3 7 , 8 7 

3 6 , 2 4 

35 .76 

3 6 . 2 4 

37-.87 

4 1 . 3 4 

4 7 . 9 0 

58 .71 

7 3 , 5 8 

0 9 , 8 5 

1 0 2 . 8 

107 .8 

S(e) 
1305 

1051 

7 2 9 . 4 

4 2 2 , 0 

1 9 6 . 2 

73*10 

3 7 , 9 3 

5 7 , 1 1 

9 4 . 3 8 

122 -0 

126 ,1 

lOe',2 

8 2 , 9 4 

69 .04 

7 8 . 3 5 

1 0 7 . 4 

1 3 8 . 8 

1 5 2 , 2 
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T A B L E I. 

(continued) 
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150 

160 

170 

180 

E n » 4 MeV 

C(3)OM 

1590 

1222 

773 .3 

385.9 

136.4 

24.66 

6.142 

30 .26 

6 0 , 8 * 

7 8 , 3 a 

75.06 

52.96 

23 .07 

2,399 

4.556 

29.02 

58 ,94 

78.27 

G&IHFM 

49,24 

41.59 

32.59 

25,16 

20 .44 

17.94 

16 .63 

15 .90 

15.64 

15 .90 

16.63 

17.94 

20 .44 

25.16 

32.59 

41 ,59 

49.24 

52.27 

6(e) 
1639 

1264 

005,9 

411,1 

156.8 

42 .60 

2^ ,77 

46.16 

76.49 

94.22 

91 .69 

70 .90 

43,51 

27 .56 

37 .15 

70.61 

106.2 

124.5 

! 

™0M 

2022 

1486 

868 .8 

384 .5 

115.8 

21 ,42 

18.17 

38.61 

52.81 

.05.37 

48.07 

32 .49 

12,88 

0.373 

8.398 

39 .35 

76 .20 

92 .73 

E a 5,05 

GWHFM 

22.46 

18.21 

13.53 

10.04 

8 .103 

7.217 

6.75R 

6.445 

6.318 

6.445 

6,758 
. . . 

7 .217 

6 .1 03 

1 0 , L ' 

1 3 . 5 3 

10 .21 

22-46 

24 .19 

MeV 

6(9) 
2044 

1504 

882,5 

394.5 

123.3 

20 .64 

24.93 

45,05 

;ilJ .13 

61 .81 

54 .83 

M .71 

20 ,98 

10.41 

21 .93 

I 
Jo . b b | 

116,9 j 
1 
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T A B L E I. 

(continued) 
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140 

15U 

1-iO 

170 

130 

R = 6 ,44 MeV n 

W o* 
2406 

1727 

914.2 

345.5 

80.45 

15.06 

84.58 

38.56 

38.55 

;J9 .'JO 

£0.39 

13.03 

6.295 

0.482 

8.328 

38,78 

70,67 

97.40 

W$)HFM 

y.165 

7.269 

5.268 

3.855 

3.123 

2.802 

2.631 

2.511 

2,460 

2,511 

2.631 

2,802 

3.123 

3.855 

5.263 

7,269 

9.165 

9,960 

m 
2495 

1734 

919,5 

349 .4 

83.57 

17,86 

27.21 

41 ,07 

41.01 

32.41 

23 ,52 

16.63 

9.410 

4.337 

13.60 

46.05 

87.84 

107.4 

R n 

M„ 
2738 

1810 

878 .8 

290.4 

53.93 

9.238 

20.46 

30.74 

29 ,67 

20.81 

11 .44 

7.079 

5.426 

2.427 

6.586 

32 .84 

73.00 

93.20 

= 7,54 MeV 

GWHFM 

5.076 

3-924 

2.784 

2.034 

1.656 

1 .485 

1-392 

1.329 

1 .302 

1 .329 

1 .392 

1 .405 

1 .656 

2,034 

2.784 

3 ,924 

5.076 

5.574 

m 
2743 

1814 

881 .6 

292.4 

55-59 

10.72 

21 ,85 

32.07 

30.97 

22.14 

12.83 

8,664 

7.082 

4.461 

10.47 

36.76 

70.08 

98 .77 
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T A B L E I . 

( con t inued ) 

e° 
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30 
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140 
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100 

E - 8,56 MeV 

WW 
2899 

1818 

803 ,0 

£28.6 

32 .77 

4.744 

13.70 

22*13 

24.44 

18.66 

8.865 

4.538 

6.504 

6,108 

6 .223 

26 .10 

64.64 

85.59 

6(9\HFM 

2,412 

1,012 

* .260 

0.927 

0.759 

0,678 

0.635 

0,6.09 

0.597 

0.609 

0.636 

0.678 

0.759 

0.927 

1 .260 

1.812 

2,412 

2.679 

£18) 
2901 

1820 

804.3 

229.5 

33.53 

5.424 

14.34 

22 .74 

25.04 

19.47 

9.525 

5,216 

7 .363 

7,035 

7.483 

27.91 

67 .05 

88,27 
• 
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The combined p r e d i c t i o n s of DWBA and KPM for d i f f e r e n t i a l 
cross-sections of neutron ine la s t i c scattering to the f i re t 
excited s tate of Ni ( in mb/sr) 

e 

10 

20 

3U 

4U 

50 

60 

70 

80 

90 

100 

110 

120 

130 

14U 

1.̂ 0 

1 . ^ 

17v, 

101 

E = 2 MeV 
n 

G(Qh*BA 
3 .663 

3 .555 

3.414 

3 .203 

3.1LJ8 

3 .170 

3.178 

3.172 

3.092 

2 .890 

2 .559 

2 .134 

1.688 

1 .21*7 

1 .015 

0 ,850 

0.776 

0.757 

6(9)HFM 

41 .65 

4 2 . 1 4 

42 .78 

43 ,36 

43 .74 

43 .87 

43 .81 

4 3 . 7 0 

43 .64 

4 3 . 7 0 

43 .81 

43 .87 

43 ,74 

43 .36 

42 .78 

42 .14 

41 ,&5 

41 .46 

em 
45 .31 

4 5 . 7 0 

46 .19 

46 .64 

46-94 

4 7 . 0 4 

46 ,99 

4 6 . 8 7 

4 6 . 7 3 

16 .59 

4 6 . 3 7 

4 6 . 0 0 

4 5 . 4 3 

44 .66 

43 .79 

42 .99 

42.-43 

42 .22 

B = 3 MeV n 

W&WBA 
7 .668 

7 .242 

6 .613 

5 .878 

5 .145 

4 . 5 3 4 

4 , 1 5 0 

4 .037 

4 . 1 2 5 

4-231 

4-139 

3 ,736 

3 . 1 0 3 

2 .481 

2 . 1 1 5 

2 . 0 7 3 

2 . 2 0 7 

* 2 ,289 

6(8)lJFM 
3 5 . 2 0 

3 5 , 8 1 

3 6 . 5 4 

37 .09 

37 .29 

3 7 . 1 4 

3 6 , 7 8 

3 6 , 4 5 

3 6 . 3 1 

3 6 , 4 5 

3 6 . 7 8 

3 7 . 1 4 

37 .29 

37 .09 

3 6 . 5 4 

35 .01 

3 5 . 2 0 

3 4 . 9 6 

em 
42-87 

4 3 . 0 5 

4 3 , 1 5 

4 2 . 9 7 

4 2 . 4 3 

41 .67 

4 0 . 9 3 

4 0 . 4 9 

4 0 . 4 3 

4 0 . 6 8 

4 0 , 9 2 

4 0 . 8 7 

40-39 

39 .57 

3 8 . 6 5 

3 7 , 8 0 

3 7 . 4 1 

3 7 . 2 5 
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( continued") 
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120 
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160 
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180 

K = 4 IteV n 

GWfowiM 
7 . 8 7 7 

7 . 5 7 4 

7 . 2 6 5 

6 . 9 7 8 

6 , 5 7 8 

S .956 

5 . 2 1 7 

4 , 6 5 3 

4 . 5 2 3 

4 . 8 0 5 

5 . 1 3 0 

5 . 0 2 2 

4 , 2 9 9 

3 . 2 8 1 

2 . 5 6 6 

2 . 4 9 4 

2 , 8 3 6 

3 , 0 4 4 

m^M 
1 8 , 8 2 

1 9 . 0 6 

1 9 . 2 6 

1 9 . 2 5 

1 8 . 9 8 

1 8 . 5 1 

1 8 . 0 1 

1 7 . 6 3 

1 7 . 4 9 * 

1 7 . 6 3 

1 8 . 0 1 

1 8 . 5 1 

1 8 . 9 8 

1 9 . 2 5 

1 9 , 2 6 

1 9 . 0 6 

18.81: 

18.7?, 

6(9) 
2 6 , 7 0 

2 6 , 6 3 

2 6 . 5 2 

2 6 . 2 3 

2 5 . 5 6 

2 4 , 4 7 

2 3 . 2 3 

2S.JR8 

2 2 . 0 1 

2 2 . 4 3 

2 3 . 1 4 

2 3 . 5 3 

2 3 . 2 8 

2 2 . 5 3 

2 1 , 8 3 

2 1 . 5 5 

2 1 , 6 5 

«1 .76 

n 

6($0WBA 
1 0 , 5 0 

9 . 4 5 5 

8 , 5 8 6 

8 . 2 0 0 

8 . 0 0 5 

7 . 5 8 6 

6 . 8 1 5 

5 . 9 0 4 

5 . 2 5 0 

5 , 1 6 5 

5 . 5 4 7 

5 . 7 9 5 

5 . 3 0 8 

4 . 1 8 6 

3 ,281 

3 . 3 2 0 

4 . 0 4 8 

4 . 4 7 4 

- 5 , 0 5 MeV 

GWHFM 
9 . 5 1 3 

9 . 5 8 7 

9 . 5 6 6 

9 . 3 5 5 

8 ,961 

8 . 4 7 9 

8 . 0 3 5 

7 .731 

7 . 6 2 4 

7 .731 

8 , 0 3 5 

8 .479 

8 ,961 

9 . 3 5 5 

9 .566 

9 . 5 8 7 

3 . 5 1 3 

9 ,468 

m 
2 0 . 0 1 

1 9 . 0 4 

18-15 

1 7 . 5 5 

16 .97 

16 .06 

1 4 . 8 5 

1 3 . 6 3 

12 .87 

1 2 , 9 0 

13 .58 

14 ,27 

1 4 . 2 7 

1 3 . 5 4 

12 .85 

12.91 

13 ,56 

13 .94 
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( coEtinued ") 
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12.73 
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5.164 

5,230 
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5.266 
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T A B L E III. 

Summary of theoretical integrated cross-sections for neutro 

elastic end inelastic ( Q = - 1,33 MeV ) Scattering on Ni 

• 

En 
MeV 

2 

3 

4 

5.05 

6.44 

7,54 

8.56 

6 0 N i f n , n 0 ) 

6oH 

1558 

1753 

1964 

2117 

2170 

2111 

20C7 

*>HFN j 

1204 

628.0 

277 .0 

114.0 

44.39 

23.63 

10,84 

S 
2762 

2381 

2241 

2231 

2214 

2135 

2018 

6 0 N i r n , n i ) 

°2>WflA 

33.23 

52.96 

64 .00 

77.34 

88 .01 

80.25 

85,22 

«HFM 

546.2 

461,3 

231.7 

107.6 

46.96 

16.92 

12,78 

6 
579 .4 

514,3 

295.7 

184,9 

135 .0 

105.2 

98 .00 


