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2 3 9Pu NEUTRON CROSS-SECT IONS IN THE RESOLVKD-RESONANCE REGION

A.A. Luk'yanov, V.V. Kolesov, S. Toshkov[*] and N. Yaneva[*]

ABSTRACT

The authors have determined the multi-level parameters for description
of the total and fission cross-sections for 239Pu ^ n ^ e

resolved-resonance region up to 500 eV. A method has been developed
for the construction of the elastic scattering and radiative capture
resonance cross-sections using these parameters. The group-averaged
cross-sections for experimental and evaluated data have been calculated
in the energy region considered.

Multi-level analysis of the total and fission cross-sections

While there is a large volume of experimental data on the energy
239

structure of the Pu neutron cross-sections in the resonance region, only

a few of the available data sets can be used in practice in the problem of

multi-level parametrization of this structure. Here, apart from good

experimental resolution in a relatively wide energy range, we also need a high

accuracy of cross-section measurements, especially in the region of the

interference minima, which are important particularly for multi-level

description of the fission cross-section energy structure. To represent the
239

Pu resonance cross-sections, the evaluated data libraries at present

generally use the measurement results of Blons, Derrien and Gwin [1-6] with

subsequent corrections on the basis of the new data for the energy-averaged

cross-sections [7-9]. These data in the region below 500 eV, where the

resonances can be regarded as satisfactorily resolved, are analysed in the

present paper.

The multi-level description of the cross-sections for fissionable
239

nuclei, especially Pu, was performed in several studies using various

scheme of the resonance reaction theory [10]. Thus, the formalism of the

R-matrix theory was used for this purpose in Refs [11-15] and the so-called

Adler-Adler scheme - a simplified version of S-matrix parametrization - in

Refs [16-19]. The present study also uses the Adler-Adler scheme to determine

the consistent set of the corresponding resonance parameters for the combined

analysis of the total and fission cross-sections in the whole region of

resolved levels up to 500 eV. The resonance cross-sections constructed with

[*] Institute of Nuclear Research and Nuclear Power, Bulgarian Academy of
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the parameters found by us reproduce all the observed characteristics of the

cross-section energy structure in the region considered [20].

To describe the energy dependence of the cross-sections in the resolved

we use the general expression for collisio

with the given value of total moment J and parity:

region, we use the general expression for collision matrix elements S (E)

1/2
The complex parameters E = p -i\>. and F. are assumed to

be independent of energy, except for T ~ /E [10, 16]. The total and

fission cross-sections are expressed in terms of the elements of the

S -matrix;

where g is the spin factor and the sum over c(f) takes into account the
J

possibility of several channels for the fission process [10]. Substituting

expression (1) into (2) and considering the effective resonance broadening due

to the thermal motion of the nuclei of the medium and the finiteness of the

experimental resolution, we arrive at the well-known Adler-Adler formulae for

the multi-level representation of the observed resonance

cross-sections [10, 16]:

here 6p <= ixX
2Sin*<pn- (5)

is the potential cross-section (phases <p are assumed to be independent

of J); i|r and x are the resonance form functions taking into
2 2 2

account averaging over the Gauss distribution: A = A + A ,
K J.

where A is the width (dispersion) of the experimental resolution function
R

and A the Doppler width [10]. The parameters in the analysis of

experimental data are the values of y. and v common to all cross-

sections of the given element and also

r r*
Clf) K'(J)



The sum over k'(J) relates here to resonances of one spin and parity value (in
239

the case of Pu, s-wave resonances with J equal to 1 and 0 correspond to

the resolved region).

In order to determine the parameters of the scheme from the
239

experimental data on the Pu resonance cross-sections, we constructed a

program of linear search with subsequent broadening of the energy region used

in the analysis of Ref.[21]. As a result, we could obtain the consistent set
T T F

of parameters »J , G , H , H , v (Table 1), which enables us

239Table 1. Parameters of the combined multi-level analysis of the Pu
cross-sections.

^,eV

-0,250
0,250
0,299
1,580
7,807

10,920
41,380
14.301
14.561
15,417
17,633
22,239
23,830
26,230
27,236
32,239
25.426
41,375
41,626
44,425
47,559
49,643
50,037
52*536

57*415
59,155
oo.Ooi
62., 603
65,454
65,704
74 023
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78,940
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90,722
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95,274
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103,012
105,313
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110,415
113,960

_ i X

II*)* 0 6 2
L18,840

121.020
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127.55v

135.230

G T I 0 6 , e V l / 2

0,0
10,340

214,292
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830,202
410,144
258,094
726,000
232,151
638,244
315. .360
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448,317
39,225
72,670
58.293
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113,379
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1666,989

3414'305
10,632

255,693
56,367

2832,952
J 239,922

1746,850
100,498
296,672
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1528,524
228,421
652,249

1253,704
63,145
20,939
18,394

475.961
2212,866

61.349
302.898

68.572
208.270

62.313
1102.5'?5
534.738

1055.161

(/•IO^eV1/2

0,0
3.595

129,318
2.2.188

230,186
623.722
164,613
161,463
325,263
2o3.I36
290,233
477,964

14.379
225,867

4,699
52,741
6,110

71,400
139,449
120 529
324 595
239]689
138,103
270,773
115,950

1372,241
655,852
71.339

948,770
538.243
593.210
263.456

6,"22t
199,741

3,380
2592,610
236.121
269,058

9,284
88,270

489 535
1243.382

47.755
69 742

465,199
26*277
.19,974
0,562

369,520
906,462
30,132

146,495
37,761
46,390
17,917

1064,389
82*306

279,o08

41,454
0,0
6,072

57,415
-7,488
50,632

-32,102
-32,148
50,260

-17,961
1,877

22,730
-4 255
2.595
2,150
2,051
0,057

33,879
-12,222
37,064
26,475
19,544
10,379
71,993
-0,403

622.323
30,723
0,065

-1180,160
210,550
195.543
-71,893
231,017

2.283
398,051

1,155
-344.838

40,291
86,667 ,
-1,110
27,172

-115,832
148.611
10,271
29,431
62.790
2,044

93.752
-19,604

54,245
93,086

-22,110
-7,022
-0,356
12,535
-I *585

-101,929
18,510

-672,458

HF-I06, eV I / 2

31.960
0 , 0
3,458

20,490
-6,594
51,270

-33,351
-37,153
39,075

-25.966
-5,705
11,524
-4,616
-4,404
-0,267
1.990

-0.107
6,636

-8,862
-2,660
15,687
11,758
-4,730
4,660

-14,768
522,352
-2,483
-1,384

-948,770
318,910
-22,514
-82,425
102,635
-0.369

399.482
-2,870

-470,815
-18.186
-6,340
-6.841
-5.397

-105,788
499,353
-3,827
-1.963-30,667
4,658
85,156

-20,007
-7,643

-46,784
27,758

-22,402
-15,620
-1,894
-8,640

-238,700
-3.487

-149,306

V\MeV

100.0
100.0
47.1

2250.0
42.9
08,9
33,1
53.2
36.4

404,6
38.2
52.4
45.8
43.0
24.5
03.0
19.4
22.5
50,6
25,0

140,6
366,5
26,0
28.8
28,5

46^S69,3
49,4

3510.9
195,6
33,6
38,9
93,0
62,6

835,4
24,4

1165,0
38,2
30,1
20,7
38,9

731,9
4652,0

24,9
29,9
36,4
29,8

919,1
85 .8

122,2
40,8

405.0
23,9
40,4
19,8
18,5

1574,8
22,2

7505*9

0

0
0
I
0
I

- • I
I
1
1
0
1
I
I
I
I
0
I
I
I
I
0
0
I
[
1
0
I
I
0
0
I
I
I
I
0
I
0
I
1
I
I
o0
1
1
I
1
0
I
0
I
0
I
I
I
T

6[
0



Table 1. (continued)

u,eV G T - I0 6 . eV 1 / 2 .eV.I/2 HT-I06 eVl/2 eVl/2 T.MeV

13-3,788
139,213
142,£61
143,476
145,136
146,265
148.293
143 929
149 453
~5o,\:ti9
157 095
152 .̂070
164,o66
155,400
167 .136
170 532
171,100
176,008
1771252
173,935
133,673
165,132
168,313
190,665
195,359
196,719
199 443
203,330
203 964
207,413
207,880
211,063
2131235
2161582
219,551
2201273
223,216
2241930
227,770

231,433
2321588
234,357
239,090
2401650
242,922
247,637
248,901
2511272
254,644
256,151
259,040
262 410
262,748
269,150
269,589
272,686
274,840
275,631
277,270
2791609
282,970
288,040
292,411
296,538
298,655
301,888
308.316
309,068
311^228
313,692
316,729
321,850
323,447
325,381

410.132
6,320

3721204
508534
1421303
650 192
42^915

292,252
165 721
208,310

II38'507
131630

3076,663
903*623
681J940
70,762

237'479
232,770
380'248
133 '438
173,243
7421568
68,354

I70!560
2020,036
427,629
968 621
1441977

2208,579
676,514
144,217
323,339
38,633

620,049
305ll25
7971542
3041975
1421677

1308,645
1621189

1089,052
24 ,720

909,505
4921II6
3231762
603,007
124,322

1336,733
2479,667
265,924

,
3 162

3708 401
23I19II
1331592
365,756

2381,697
I2I31695
1950,245
343,058
6681058

2I791I24
895,686
331'724
2811033
8461314

15371871
2791129

II2l!458
68'912

1087^161
4281225
3261689
1569,544
679^309

279r598
2,996

242 185
222*585
71,500

1071874
24*470

159,793
61,331

173 355
599 223

2,650
319,585
574,255
385,750
57,526
94,366
95,944
53lB09
351279
63II90

5441294
20I4I8
46,810

1677,826
162,895
523;756

6,872
I69719I9

75,326
931251

2991612
19,705
86,743

1001204
2071043

371923
35,859

9181809
671825

II7I7I0
22,195

I83'572
I03174I
2541669
3611628
871623

1371637
3831373
116,312
15110^4

3,126
33711561

50,391
55,590

164,232
8891886

1149 870
946.435
159,793
285,427
2231384
7691570
1581439
III,001
253I40I
7011985
2211801
324\331
34,665

187,798
159,113
325,577
369,287
251 202

10,999
5,135

-8,405
52,049
52,188
71,286
-9 543

-103 458
161506
97,770

-21,580
-5,316

190 575
-2901138

291291
-151050
-71234
I2J430
22,398
7,033

II1528
-491505

01652
131438
178,217
55,100
431033

102,762
-124,101

441263
-II41844
1831027
211069
27,964

-29,604
-8'579
2^752

10,406
461334
12'578
971968
I8'l75
80!982
27,288

-2651443
44,873

-33*352
791992

180,962
9TI9I

56,y9b
-8,466
66,986
57 061
7,931

27!802
113 980
351'354
I06I3I5
4561694

53,139
173,084
94,448
I0145I
14,979
79,983

1221368
-291583
140,592

0'732
891560
461,109

-17'502
92,275
53^421

-31,811
01999

-26,500
-3'239
61,162

-27 690
-201200
26,965

-151310
-92^532
46,766

-101245
-14,709
79 896

-34,049
01282

-II2I354
-4,509
-0,052
11274

-11255
-S3I7I7

0,852
3,995

99,271
19,705
-0,432
281169

-1491806
-2,785

-85,307
1701578
101477
-51994

-I7l499
-231243
-21742
9,473

99,871
81217
9,714

14,381
0,183

-10,124
-1841942

IJ6I9
-11,060

11,211
-21267
5r874

iy,687
-25,920

4,632
23,959

1,186
61967

-611892
227,133
-19,115
483,000
-11133

-I6l473
38,435

-201753
-21223
141666

-24.,662
-37,891
56^116
9,729
1,521

-0,937
1061909

1,024
-2 J260

50,3
25^0
40 5
42 0

406 I
15 0
47,2

2402,4
26l2
8014

442 6
75,0
40 8

8836'3
49,2

100,0
1500^0

37,2
2114
25 I
20J0

OII!O!O
2913
26J3

241,5
40,4
63,'I
46,1

275,4
15,6

1000,0
1154,9
104,3
33l6
I5l0
59,3

i7;5
4500,0

33,5
23,2
24,7
35,2
32,0

407815
58,2

257',4
40,2
47,9
42,1
51,9

242,0
3514,7

46,7
7313
3015
6112

630 !2
7315

2650,0
43,3
42 !7

3500'0
6319
52,0
4419
5816
9717
47,4

40110
3919
5919

4406'9
8410
65^4

I
I
I
I
0
I
I
0
I
0
0
I
I
0
I
0

—0
I
I
I
I
0
I
I
0
I
I
I
0
I
0
0
0
I
I
I
I
I
0
I
I
I
I
I
0
I
0
I
I
I
i
0
0
I
0
I
I
0
I
0
0
I
0
0
I
I
I
0
I
0
I
I
0
0
I
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Table 1

^ . e v

329,750
333,990
3361.014
338,037
339,336
343:266
3461557
350,399
352*915
355,050
357*970
360 III 5
3611380
3661100
368,609
3701457
37I,B20
375,109
377,182
3781072
382,593
383 765
384,351
3891595
3911605
394,543
397 029
401*250
401,690
4041320
4041900
406 I4G
407,027
408,830
412 410
415,780
417 720
419 940
425 700
426 450
429,720
431,370
432*,8I0
4371885
4381964
439,895
442,515
450*011
451^483
455,736
455;?64
457,497
458*906
461,454
4621509
468134;
4691534
473,249
475*422
477*050
479,609
4841301
4871440
4871984
4901874
494,263
495,794
500*677
5021994
506,131
5081370
5091890
511,670
5151310

(continued

GT-I06
> eV I / 2

337,833
417*463

1139,586
611,051
266*902

II861893
3911278

1592,396
305,720

33,184
256ll02

961438
26,896

246 359
641185

1811275
1260 358
204,162
176 681
74 899
19,250

9111057
423,823
102,657
71,686

466,683
167 681
181*453

1322,665
15091381
323,351
113 904
45,149
87,982

6171522
228,999
126*458
417,865

II 079
600,500
276,725
588*787
57,124

1811126
2171983
175 .720
508 571
75,508

864,368
91901

1840,236
588*666
352,704
2371534
74,004

370 695
903,427
2691603
288,454
1041803

131564
173*176
127,087
3531918
9411324
3341109
48,980

251*773
711*. 075
17 497
2*963

3469,086
689,847
74,628

)

GF-I0 6 . eV I / 2

192,732
71,703

262*749
102,853
105,494
356*127
316,354
630,963
96*456
19,542

191*942
50,938
I7155I

2421685
24 968
14 241
97§,40I
41*003

79,796
10,278
4,994

179,767
238 627

19 853
33^475

24I14I6
I08159I
39*948

994,248
827,773
1791844
15,439
37,951
25,445

314,554
37,934
56,457

225*072
2,497

499 353
261 113
518,783
20,063
44,723
33,423
291961

406*513
471178
70,400
8,9881178,472

499,553
174 561
166,68552,809
320^447
901 831
46,589

259*563
7,571
9,987

34',858

310*238
684,113
221,658

5,789
139*819
438,036

4,494
2,896

599,223
471,675
52*871

H T - I0 6 . e V I / 2

-41,404
36,020
83,993
41,524
10*560
97*851
40,551

I32I353
20,029
-6*, 347

-151,272
-7*812
-3,625

-296,442
-46,867
-211504
-44*539
24 646
25,030
31 576
-61445

-37*,266
45 546
16 682
11,957
21 174
7,350

-126,897
131,938

212,415
19,207
67,224
38,328
25,3it>
68,540
15 165
9 774

21,374
12*320

-313*370
-0 710

-38*039
43,019

-12,400
-44,663
60,446
75,118

-33,090
54 916

1889,750
-1863,532

-5 184
68*107

-16,39089'626
-431263
3011955

10,416
47?67534*003
-9,002

91649
-44*781
45,536
42*960
15,378

6,1332*578
113,969
-I71I00
-28,790
281*464

-339,987
-18*159

HF-I*. eVT / 2

-30,643
8,396
2J320

-4 982
-61492

-17,427
44,942

-22l2I7
-01630
-8*859

-32lO94
-II1204
-5 551

-130,503
-14 609
-10 288

-164,041
6 634
3,703

16 798
-2,760
-2,397
2,771
8,806

-0,999
-291451
-14*729
-69,909
-40 956
-53 521
139 908
31,224
0*,999

11,365
-14*432
-5,160

-25J.467
-33,521

-1,725
-331,570
-30,017
-33,438
36,675
-01999

-10,278
36 952
201646

-34*716
II26J220
-1292,055
-12,284
57,332

-31*65363,245
-126,399
359,534
-24,968

86,69147 938
-I2I234

2*999-80,590
63,283
49J935
12,753
9,9878,533

72,282
-4*,994
28,348

-30,398
-257,939

-1,014

V. teV

2109,5
4113
45,4
42,0
59,2
54*0
757.5
59.3
54,5
81*3

3000,0
93,5

10712
250010
378 !5
45*,3

2289 8
38*7

102*4
79,0
15,4

4298,2
65,6
49,0
76,3
65 6
85 9

100010
II010
77,5

1000,0
160 0
I65;0
75,0
72 5
76 0

133,5
69 5
71 0

3500 0
390,0

1750,0
17010
4116
69,1

957,2
238,3
125,3
55,1

20115
320,0
215,8
98,4

199,9302,1
106713
2848,9

38,0
389,61002,2
127,4
63,6

176,2
29319

II4819
97*4

102,3
60,8
98,3
98,6
346,3
130,7

1700,0
241,2

D

0
I
I
I
0
I
0
I
I
0
0
0
0
0
0
I

8
0
0
I
0
I
I
0
I
0
0
I
I
0
0
0
1
I
I
0
I
I
0
0
0
0
I
I
0
0
0
I
0
0
0
I
0
0
0
0
I
0
0
0
I
0
0
0
I
0
I
I
0
0
00
0



Table 1. (continued)

516,720
518*130
520,401
524,360
525,642
526,150
527,530
530!730
596'859
596,905

35,653
72,807

906:819
2053,283
6139,813

33,011
34,663

3081i960
119*267

2017,571

35,454
17,940

362,'34 9
382,787

4993,523
9,987
9,987

756,912
113,829

1353,805

-3,159
-4,661
46,014

257,619
-351:683

36,569
3I?493

133 752
54ll737

-1824,245

1,997
16,650

-38,381
8,948

-588,712
85,822
51,007

-200:268
285,164

-635 841

160,9
218,8
83 2
45,5

5583,2
47?2
33 9
77,2

1374,8
7527^8

239
Table 2.

Energy,
eV

6-9
9-r2,6

12,6-20
20-24,7
50-100

100-200
200-300
300-400
0,0253

Values
energy

Qwin, I976

60,7
137,5
73,4
47,7
56,96

17,96+0,04
17,90+0,05
8,48+0,03
741,6

of the average
intervals.

Gwin. 1984 . Weston
I960 .

59,6+0,6
140,1+1,3
70,7+0,7
46,2+0,6

•56,56
17,98+0,
17,23+0,
8,064+0,

'741,7

Pu

£)£

198'

A

03
04
022

fission cross—sections in specific

iE

60,6
138,4
73,8
47,5
57,4
18,9
17,9

-
741,9

EHDP/B-IV*

60,9
139,7
73,9
47,7
56,9
18,4
17,7

—
741,7

Kon.'.shin. _
1982 fcj*

61,4
135,9
66,7
43,9
60,75
19,22
17,69
9,43

741,7

Present
"work

59,8
137,5.
72,5
46,6
55,7
18,7
17,9
9.1

741,6

Calculated from the file.

Table 3 . Values of the average neutron
in spec i f ic energy intervals .

Energy,
eV

6-9
9-12,6

12,6-20
20-24,7
50-100

100-200

200-300
300-400

0,0253

Gwin,^j76

51,3
75,3
61,7
37.4
35,88
15,70

16,79
9,83

271,3

ENDF/B-IV"

51,0
75,8
58,1
32,0
36,3
17,1

17,5
-

270,2

radiative capture

6c(E)dE

[Ron1 shin, 1982

1
44,7
67,0
58.1
30,8
35,25
15,02
14,48
8,54

271,3

cross-sec

Present
work

45,2
74,7
59,1
30,6
36,7
16,3
16,1
9,5

271,3

239
Pu

Calculated from the file.
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Table 4 .

Average vales

Energy,
eV

6-9
• 9-12,6

12,6-20
20-24,7
50-100

100-200
200-300
300-400

of oC-<dc/6,

Gwin,. 1976

hJ
0,85
0,55
0,84
0,78
0,63

0.87+0,015
0,94+0,01
1,16+0,014

for P" in

ar = e;
ENDF/B-IV1

0,83
0,54
0,79
0,67
0,64
0,93
0,99

-

specific energy

t Kon'shin 1932

/V* "
0,73
0,49
0,87
0,70
0,50
0,70
0,82
0,91

intervals

Present
work

0,76
0,54
0,82
0,66
0,66
0,87
0,90
1,04

* Calculated from file.

with the appropriate choice of A to reproduce by formulae (3) and (4)

virtually all the observed characteristics of the energy dependence of o(E)

and of crf(E) right up to 500 eV [20].

Parameters of the elastic scattering and radiative capture cross-sections

The analysis of the total cross-section (3) for a particular spin
T

identification of resonance enables us to find not only parameters G. and
T

IL but also neutron widths r (6). Using these values, we can

directly construct two more cross-sections determined by the diagonal elements

of the S -matrix (1). These are the neutron absorption cross-sections

( 8 )

^9?*(s

where

-iiF- ) —*—!i!—*—*!——L.
Zo L—> JJLk>~JlK* ^VH +

( 9 )

11



and the elastic scattering cross-section

T T
Using the found values of parameters G. and H. (see Table 1)

for each possible value of spins J, we can find the absorption cross-section

parameters G. and H. (9) and construct cross-sections a (E) (8)

for A corresponding to the measurement results given in Ref.[3].

For neutron elastic scattering cross-section a (E) (10) there are

virtually no direct experimental data on energy dependence in the resonance

region, and we give only the calculated dependence a (E) for T = 300 K.

Thus, a (E) and cr (E) obtained from the total cross-section parameters
a n

contain all the characteristic features of the resonance structure in the

region under consideration, the errors of reproduction of these features being

of the same order as in the case of the total cross-sections measured with the

best resolution [19].

It is obvious that, constructing the absorption cross-section and

having reliable fission cross-sections of(E), we can also determine the

resonance dependence of the radiative captive cross-section with the

corresponding accuracy:

with G£ = G* - G£, H£ = H* - H£ [22, 23]. The available

experimental data [3] agree qualitatively with the results of our calculation

of G (E) (11). It is important that in this method of construction there
c

are possibilities of correcting the total and fission cross-section parameters

(see Table 1) and of more reliably determining the resonance spins. The most

interesting are the regions near some interference minima, where the use of

not sufficiently accurate total and fission cross-section data may lead to a

discrepancy of results for our scheme (11). This can serve as an indication

of the nature of errors in experimental data.

Comparison with integral data

The fission cross-section resonance parameters given in Table 1 were

normalized to the last evaluation of of = 748.1 b for 0.0253 eV

12



(<j = 269.3 b) [24]. The group-averaged fission and neutron-radiative-capture

cross-sections and 5 = 5 /of were compared with the available

experimental data [3, 7-9] and contemporary evaluations (Tables 2-4). Here

the normalization of the fission cross-section was taken to be the same as

in Ref.[3].

239
From a detailed and consistent analysis of the whole set of Pu

resonance cross-sect tons in the proposed multi-level parametrization scheme we

can draw specific conclusions regarding the degree of accuracy and consistency

of the available experimental data. The differences from experiment and also

the possible inconsistency of the different experiments obviously point to the

need for further studies on the cross-sections both in direct measurements and

in measurements of transmissions and self-indication cross-sections for

relatively thick samples 125]. By refining these data with broadening of the

range of the target thicknesses used it will be possible to make a further
F T

correction of the resonance parameters (mainly HT and H. ) sensitive to

the minima in the cross-sections.

A unified approach to the description of all cross-sections in the resolved

region involving the direct use of the property of unitarity of the

S -matrix (1) gives a useful interrelationship between the parameters of the

different cross-sections, which can be used ultimately to solve the problem of

unambiguous description of the resonance cross-sections. The scheme can be

applied to other fissionable nuclei with specific resonance spins.
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ELASTIC AND QUASI-ELASTIC NUCLEON SCATTERING ON VANADIUM

N.N. Titarenko, A.G. Isakov and E.O. Rudenskaya

ABSTRACT

A unified set of the neutron optical potential parameters for the
5 1V nucleus is sought in the 10 keV-32 MeV region so as to obtain a
good agreement with all the available data. These include the neutron
strength function and elastic scattering data as well as the neutron
total cross-section and (p,n) isobaric analogue state quasi-elastic
scattering data.

The optical model is used to analyse the elastic scattering of the

simple and compound particles on nuclei in a wide energy range and forms the

basis of many approaches describing more complex processes: inelastic

scattering, charge exchange, stripping, pickup etc. [1]. It is of great

practical value in the evaluations of nuclear data for reactor physics

calculations.

The comparison of neutron and proton experimental data is of basic

interest in the parametrization of the optical model potential. The

parameters of the neutron optical potential at low energies can be found with

the use experimental values of the s- and p-neutrons strength functions,

potential scattering radii R' and total neutron cross-sections a . The

parameters of the proton optical potential are found usually from the

experimental distributions at proton energies above the Coulomb barrier with

the use of the differential cross-sections and by analysing elastic

scattering. In the energy region near the Coulomb barrier and below the

situation is complicated by the fact that either experimental data on the

total cross-sections for the (p,n) reaction or the relatively non-informative

differential cross-sections are used in the search for the optical potential

parameters. From this standpoint, neutron elastic scattering at low energies

is a finer instrument of study of the nuclear field.

According to the Lane model [2-5], the optical potential of nucleon

elastic scattering on nuclei with a neutron excess contains an isovector

component; it can be written in the charge-invariant form

where U , U are the amplitudes of the isoscalar and isovector components
-» —t

of interaction; t, T are the isospin of the scattered particle and target
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nucleus, respectively. In this model the cross-section of neutron and proton

elastic scattering on the nucleus will be defined by the potentials

Here e = (N-Z)/A is the coefficient of isotopic symmetry of the nucleus,

where N,Z are the number of neutrons and protons of the target nucleus,

A = N + Z. The proton optical potential (3) differs from the neutron optical

potential (2) not only by the value and sign of the isovector component but

also by the presence of the Coulomb correction AU in the optical

potential due to the energy dependence of the nuclear potential in the

presence of an electrostatic field.

The nucleon-nucleus optical potential in the charge exchange form (1)

gives a simple interpretation of the (p,n) reaction which takes place with

excitation of the isobaric analogue ground state [(p.n)lAS] and regards it as

a quasi-elastic scattering process. It is assumed that in the (p.n)lAS

reaction the neutron of the target nucleus is replaced directly by the proton,

the residual nucleus being the isobaric analogue of the target nucleus. The

quasi-elastic scattering cross-section is determined in the Lane model by the

isovector component of the optical potential U (T) = 4U (tT)/A = 2U /N-Z/A.

As a result, the optical potential in form (1) without introduction of

additional parameters describes in a unified manner the elastic scattering of

protons and neutrons on nuclei and also the (p.n)IAS reaction.

The isovector part U (T) of the optical potential can be determined

from the difference between the neutron (2) and proton (3) potentials.

However, it is very difficult to use this approach in practice to extract

information on the energy dependence of the isovector part of the optical

potential. The most direct means of studying U (T) is to analyse the

(p,n)7AS reaction [5-7]. The comparison of the calculations of this reaction

with experimental data show [8-14], that, regardless of the type of

interaction, the best agreement with experiment is obtained in the case of

complex potential U with a real volume form factor and an imaginary surface

form factor. The cross-section of the (p.n)IAS reaction is very sensitive to

the selection of parameters of the imaginary component of interaction.
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In the present study we seek the parameters of the nuoieon potential

for the V nucleus, which is a magic nucleus with respect to the number of

neutrons, and this ensures the validity of using spherical optics. For this

isotope a lot of experimental data are available on the (p.n)IAS reaction

[8, 9] and on the elastic scattering of protons [15, 16] and neutrons

[17-23]. The purpose of the study is to search for the nuclear optical

potential parameters for V and to verify the reliability of describing the

experimental data in a wide kinematic range within the framework of the

consequent Lane model.

Vanadium is an important material for fusion research. It is a

component of reactor structural materials. From this standpoint, it is

necessary to know the exact interaction of nucleons with this element.

The optical model of elastic scattering of particles with an
arbitrary spin and charfte

We shall describe the scattering of a particle of mass m ,
a

charge z , spin s and energy E on a spherical spinless nucleus of

mass M and charge Z within the framework of the optical model by the complex

local optical potential V . ( T ) . After separation of the variables in

the complete Schroedinger equation, we obtain a radial equation for each value

of orbital moment ft. and total spin of the particle j = 9. + s [1, 24-27]:
a,

Here k = /2viE/h is the wave number, where fi - in M/(m + M) is the

reduced mass of the particle; E = E M x m + M i s the energy of the
Li B

particle in the centre of-mass system; E is the energy of the particle in
Li

the laboratory system. The radial wave function X O . ( T ) satisfies the

boundary conditions

tqW^J*'*1 (for p-kz);

where functions G (p) and F«(p) are, respectively, the irregular

and regular solutions of the homogeneous Schroedinger equation for the Coulomb

potential in the absence of nuclear interaction (Coulomb functions, <*0 is

their phase). In the case of neutron scattering, these functions are connected

17



by simple relations with the spherical Bessel and Neumann functions having a

half-integer index [28].

Calculations by the optical model mostly use the sphero-symmetric complex

potential V - . ( T ) of the general form:

where
1-1

(7)

and all the dynamic parameters (V , V , W , W ) are positive. The
ft SO V u

potential V (T) of the Coulomb interaction of the scattered particle with the

nucleus is approximated by the potential of a uniformly charged sphere of radius R

At low energies of scattered neutrons the basic experimental data are

the total neutron interaction cross-sections c in the whole energy range,

the strength functions of the s- and p-neutrons (S and S ) and the

potential scattering radius R' determined at low neutron scattering energies

(less than 100 keV). The potential scattering radius is connected with the
2

integral potential elastic scattering cross-section by the relation a = 4irR' .

The procedure used most often to search for the optical potential

parameters is that of automatic search from experimental data using the

(8)

2 .. .
X -criterion:

where N is the number of experimental points, which are used for the

search; cr_, a , Ac are the theoretical and
T exp exp

experimental values of the cross-sections and the experimental error,

respectively. By minimization of functional x in relation to the

variable parameters of the model, their optimal set is determined.

Practical calculations by the optical model showed that determination

of the potential from experimental data was not an unambiguous problem. The

same cross-section can be described by several potentials whose parameters can

differ substantially from each other. As was shown within the framework of

the convolution model [1], the additional criteria for selection of parameters
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are the values of the volume integrals over the potential per nucleon of the

nucleus and the root-mean-square radii.

If we take the radial dependence of the form factors of the volume and

surface potentials in the Woods-Saxon form (6), (7), the interrelationship

between the dynamic and geometric parameters for the real and imaginary

components of the optical potential is determined by

(8A)

1/3
where R. = T.A . The sets of the optical model parameters with

identical values of integrals (I/A) and (I/A) give a virtually
R Q

equivalent description of experimental data. The root-mean-square radii of

the above potential components will be determined by

Description of quasi-elastic scattering by the distorted wave method

The differential and integral cross-sections of the V(p,n) reaction

with excitation of the analogue ground state of the Cr nucleus are

calculated a first Born approximation of the distorted wave method by the

VAR-82 program [26], in which the following relation is used to calculate the

cross section of the process in the general case

2

dSi
LS

(9)

Here the reduced partial amplitude is determined by the expression

and the following notation of the radial integral is introduced

(11)

The determination of the matrix of algebraic coefficients F is given

in Ref.[26]. In relations (9)-(ll) m , z , s , t are, respectively,
a a a a
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the mass, charge, spin and isospin of the scattered particle and M , Z ,
A. A.

J , T are the corresponding characteristics of the target nucleus. The
A. A.

final state of the system is characterized by the similar parameters UL ,

zi.> s^» *-, , M , Z , J , T_. The program uses the multipole
D D D D B B B

expansion of the interaction potential V over total spin J, isospin T, orbital

moment L and spin s transmitted to the nucleus:

J=JB-JA; S ^ V V , L=J-S; T-ffl-?A.

The procedure for calculating the amplitude and reaction cross-section

by the distorted wave method is as follows. The interaction of the initial

and final particles with nuclei is described within the framework of the

optical model of elastic scattering on the complex potential of general

form (5). For the input and output potentials the partial distorted waves

waves ^Laja^
kaz) and '^Ugj.[f(ez(^A/MB)\, needed for calculation of the

radial integral (11) are found by numerically solving the radial Schroedinger

equation (4). During its calculation it is necessary to know the structure of
T

the form factor of interaction G ( T ) . It has been shown in Ref.[26]

that in quasi-elastic scattering all quantum numbers of the system, except the

isospin projection, remain unchanged during charge exchange and that the form

factor of interaction can be written in the form

(13)

Search for the neutron optical potential parameters

In selecting the optical potential geometry the parameters from global

systematics [29-31] and so on were taken as the starting values. A

preliminary analysis of the experimental data showed that these were

reproduced best with the optical potential geometry of Ref.[30]. It was this

that was taken subsequently as the basic geometry in the search for the

neutron optical potential parameters for V.

The procedure for the optical potential parameter search was carried

out in several steps. In the first, the neutron potential parameters for

E = 100 keV were determined. The evaluated values of the S-neutron
n

strength function and also the potential scattering radius R [17] served as

experimental data. Their values with errors are given in Fig. 1 and Table 1.

In order to describe simultaneously the experimental values of the strength
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w/i/mr/i/iA

Table 1. Strength functions of S- and p-neutrons and the

potential scattering radius for ̂ V calculated at

different values of potential depth (W = 3 MeV)

Evaluation
calculation

Evaluation
Calculation for Vb
equal to (»feV):

51
52
53

SO-IO"

7,7+1,2

R, fin

6,9+0,2

6
7
8

.28
,60
.27

0
0
0

,50
.46
.43

5
6
8

.31

.01

.24

Fig. 1. Influence of changes in the optical potential
parameters on the calculation of the potential
scattering radius (a) and the strength function
of s-neutrons (b) of the 5W nucleus. Curves 1-3
represent the values of parameter W<j equal to ,
3, 4, 5 ifeV respectively. The evaluated data on R
and S [17] are shown by continuous horizontal lines
and their error by the hatched region.

function and the potent ia l sca t ter ing radius, we have to choose the values of

VD = 52 MeV and W. = 3 MeV (see F i g . l ) .
K Q

In the second step, on the assumption of a reasonable energy dependence

of the potential depths, the neutron potential is determined within the

low-energy interval of the total neutron cross-sections. For the

V nucleus the situation in this case is complex since the experimental

data [19, 20] in the interval up to 1 MeV oscillates from 1 to 6.5 b and in

the 1-2 MeV region from 2.5 to 4.5 b. In order to get the trend in the

behaviour of the experimental values of o , we averaged them over the

range of 25 keV (Fig. 2) and 100 keV (Fig. 3). It will be seen from Fig. 2

that a 2% change in the optical potential depth leads to a 10% change, on an

average, in the total cross-section at neutron energies of about 0.4 MeV. By

averaging the experimental data in this sector of the spectrum over the 25 keV

range it is not possible, as before, to obtain the trend in the energy

dependence of the total neutron cross-sections. The situation is improved

during the analysis of the total cross-section in a wider energy region and

with averaging over the 100 keV range (see Fig. 3).

As a result of the procedure described above, we obtained the following

set of neutron optical potential parameters for V, which ensures a good
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Fig. 2. The sensitivity of the calculated cross-sections 0-
of the V nucleus to changes in the potential depth V
for W, = 3 MeV;a
•i x - represent the experimental data of Refs [19, 20],
respectively (averaged over the 25 keV range). The curves
were calculated for V , MeV: —51; 52; 53.

5,0

4,0

3,0

3,0

on

w

\

\ .

m

i

1

V
2

i

•

3

t

4

i

1

£n,NeV

i

10 15 20 25

Fig. 3. The experimental data (*,z correspond to
Refs [19, 20] and the results of calculation with optical
potential (14) of the total neutron cross-sections
for 51v. The experimental data in the region up to 5 MeV
(top) are averaged over the 100 keV range.

self-consistent reproduction of all the available experimental data in the

region up to 32 MeV:

52
50,

0

- 0
,64

,5E
- o,

(I
33E (

(£

E<8

< I 5

MeV),

MeV);

MeV),

; aR=0,663; =6,2; =1,01; aso=0,75;

-I 5 + 0
^I,5 + O,

3 + I.38E (E^2MeV);
(2<E<8MeV);
( £ > Q

(14)

Where all the dynamic parameters are given in megaelectron-volts and the

geometrical parameters in femtometres.

Figure A shows the values of volume integrals per nucleon calculated

with the set of paramters (14), together with calculations using the

well-known global systematics of the optical potential. One should note the

low value and the strong energy dependence of the imaginary component of the

optical potential in the region up to 2 MeV. Only in this manner is it
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10 0,5 -0,5 -1

Fig. 4. The energy dependence of I /A and
I ,/A for different sets of optical potential
parameters: 1 - (14); 2 - [30]; 3 - [29];
4 - [31]; • - calucl̂ .tion with the optical
potential parameters from Ref. [18].

Fig. 5. Ccnparison with experiment [21-23] of
the differential elastic scattering cross-
sections for 5.44-14.7 MeV neutrons on the
5*V nucleus. The curves are calculated with
the optical potential on the basis of:

expressions (14); Table 2.

possible to describe the observed irregularities of the neutron cross-sections

in the low-energy part of the spectrum.

The set of parameters (14) of the neutron optical potential was also

used to calculate the angular distributions of neutron elastic scattering in

the energy region where the contribution of the compound nucleus mechanism can

be neglected. The comparison between calculations and experimental data is

shown in Fig. 5. Here, too, are given the calculations with the individual

optical potential sets obtained for each energy of the scattered neutron by

automatic search for them from the experimental differential cross-sections.
2

Using the x -criterion (8), we varied four optical potential parameters:

VR, T R, Wd, t , for fixed values of the remaining parameters from set (14).

The final results of this individual fitting, together with the other

parameters, are given in Table 2.

On the basis of these calculation results we can draw the following

conclusions. For the neutron optical potential set (14) obtained by matching

potentials with different energy dependences of depths we can, on an average,

satisfactorily describe the whole set of experimental data on neutron
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Table 2. Individual sets of the neutron optical potential parameters for
51v

neutron

Parameter

VR,tfeV
zR . fin

Wd, tfeV
rd, fin

6f b

6 t
e x p ,b

I /A, H=V-
I.//A , MeV.

< ? 2 > 1 / 2

energy region

5,44

57,26
1,12
4,45
1,19
C,30
3,47
3,60

fin3 426
fin3 53

4,06
5,01

of 5.44-14.7 MeV.

6,44

48,20
1,22
4,16
1,35
1,85
3,66
3,42
441

63

4,28
5,53

7,60

41,83
1,29
6,16
1,12
3,34
3,36
3,22
451

65

4,46
4,78

8,56

45,67
1,25
6,34
1.14
1,42
3,17
3,08
449

70

4,36
4,86

11,01

49,63
1,17
6,21
1,24

17,9
2,69
2,63
410

00

4,17
5,19

•

14,7

55,47
1,09
6,58
1,20
9,21
2,28
2,30
383

79

3,99
5,04

in the

scattering on V in the 10 keV-32 MeV region. A distinguishing feature of

set (14) is the considerably stronger energy dependence of its dynamic

parameters in the Low-energy part of the spectrum than in the high-energy part.

The anomalously strong energy dependence of the optical potential

parameters at low energies (below 3 MeV) of scattered neutron on nuclei in the

A * 40-80 range is discussed in many studies 132, 33], Clearly pronounced

irregularities can occur in the behaviour of the optical potential parameters

for V in the above mentioned kinematic range for several reasons.

First of all, in the low-energy region of the spectrum the basic

condition of applicability of the optical model may not be fulfilled, namely

the requirement that in the reaction many compound states should be excited

whose averaging smooths out the singularities of the nucleus considered [27].

If the energy spread of the scattered particles is substantially greater than

the average distance between the compound nucleus levels, these requirements

are almost always fulfilled and the optical model is applicable. But this is

not obvious beforehand in the case of the scattering of neutrons of an energy

lower than 3 MeV on V, whose level density is low.

Secondly, in this kinematic range the influence of the initial states

on the formation of the observed distributions can be appreciable. Here, too,

the effects of closed channels and near-threshold phenomena can be

considerable.

Thirdly, at low energies of neutron scattering on nuclei with

A ~ 40-60 there is a high probability for the effects of collective-
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single particle fragmentation to appear and this can also affect the formation

of the imaginary part of the optical potential [32].

The parameters of the isovector component of the nucleon optical potential

In the next step of the search for the nucleon optical potential

parameters we analysed the experimental data on the V(p,n) Cr(IAS)

reaction in the 17.7-40 MeV proton energy range. The following procedure was

set up to search for the parameters of the isovector component of the optical

potential. It was assumed that in quasi-elastic scattering the form factor of

interaction was determined by the real volume-component and the imaginary

surface-component. The geometrical parameters of the neutron potential were

taken as the basis of the proton potential and the form factor of

interaction. The isoscalar component of the nucleon potential was formed on

the basis of the starting values of parameters V and W of the

isovector component and on that of the neutron optical potential (14). The

proton optical potential parameters were then obtained in accordance with

definition (3). Thereafter the quasi-elastic proton scattering cross-sections

for V were calculated by the VA.R-82 program [26] taking into account

relations (9)-(13). The angular and integral charge exchange characteristics

calculated for different energies of scattered protons were compared with the

available experimental data [8, 9]. The initial values of V and W

were then varied and the calculations repeated again. We thus determined the

sensitivity of the angular and integral cross- sections in the

V(p,n) Cr(IAS) reactions to changes in the dynamic components of the

isovector potential. Moreover, for each energy of the scattered proton we

found the individual sets of parameters of the isovector component which

describe the experimental data best. The final results of this iteration

procedure are given in Table 3 and Fig. 6.

The following conclusions can be drawn from an analysis of the results

obtained. It is observed that there is an explicit dependence of the

parameters of the isovector component on the scattered proton energy -

V and W decrease with increase in E . The same trend of change

in the isovector component with increase of proton energy was found also in

other studies [12, 14] on quasi-elastic scattering on the basis of the

systematics of Bechetti and Greenlees. What is new in our results is that the

anomalous behaviour of the integral cross-sections in the threshold region of

the (p,n)(IAS) reaction can essentially be explained on the basis of the
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The differential cross-sections for the
51v(p,n) Cr (IAS) reaction at proton energies
from 17.7 to 40 MeV: • - experimental data [8, 9];
- - - calculation on the basis of the proton and
neutron global systematics of Bechetti and
Greenlees [29]; — — •• — a n d calculation by
the self-consistent Lane model with the potential
of Ref. [30] and (14), and Table 3, respectively.

Table 3. Integral cross-sections of the V(p,n) Cr (IAS) reaction
calculated with different optical potential sets, mb

Remarks.

Parameters
17,7

/307
, Present study

10,0
7,40
5,31
9,50

16,62
11,83

Proton energy, MeV
18,7

9,4

7,47

5,03

9,21
14,31
10,06

19,7

8,1
7,53
4,77
8,61
14,21
10,0

22,0

7,4
7,64
4,18
7,30
12,5
7,31

26,0

6,3
7,79
3,83
6,52
10,37
6,21

30,0

8,04
3,70
6,08
8,91
6,01

The last two lines give the values of the parameters of the optical
potential isovector component that best describe the experiment
with main potential (14). The calculated (T) and experimental
(exp) cross-sections are given in raillibarns and VV and

wd in megaelectron—volts.
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neutron optical potential (14) and the consequent self-consistent approach of

Lane.

The final search for the nucleon optical potential parameters for V

does not end with the analysis of quasi-elastic scattering data. It is very

important to find such an optimal set of optical potential parameters as would

self-consistently describe the totality of all accessible experimental data on

neutron and proton scattering in a wide energy interval. For this purpose, it

is necessary to determine the parameters of the isovector component at

energies below the threshold of the V(p,n) Cr(IAS) reaction

(Q = 8.146 MeV) and to describe the observed distributions over nucleon

elastic and inelastic scattering in the sub-Coulomb region of energies, where

an appreciable contribution to the cross-section is made by the process of

scattering with compound nucleus formation. However, this complex situation

requires a careful study [34].
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