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Original scientific paper 
The average cross sections for the reaction 1 1 5In (n, n')' 1 1 5m1n, 1 1 5In (n, y)1 1 6min, l l  3Jn (n, n') 1 1 3mln, 1 9 7 Au (n, j') � 98 Au, 1 1 1  Cd (n, n') 1 1 lmcd H ocd (n, ,,)1 1 1mcd, 2 'Al (n, p) 2 'Mg, 64Zn (n, p) ucu, 6 8Zn (n, y) 69mzn, t 3 sBa (n, y)t 39Ba, 1 J sBa (n, n') 1 3 smBa + t 34Ba (n, y) t 3 5mBa, s sNi (p, n)s sc0 and s 1sr (n, n') s 7msr + 8 6Sr (n, y) s 7msr have been measured in the spontaneous fissionspectrum of neutrons from a small 2 5 2 Cf source. The results are in general agree­ment with other data in the literature. In the cases where energy differential crosssections were available the average cross sections have been calculated usingfor the neutron spectrum a Maxwellian with T = 1 .42 MeV corresponding to an average energy of 2. 13  MeV. The comparison of measured and calculated va­lues indicates strong disagreements in the cases of the 5 6Fe (n, p), 1 3 8Ba (n, y) and 1 3 5Ba (n, n') + 1 34Ba (n, y) reactions. 
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1. Introduciion

-The energy spectrwn of spontaneous fission neutrons emited from 2 52Cf has reached the status of a standard neutron field 1 >. The shape of the neutron spectrum is agreed upon to be basically a Maxwel­lian with a temperature of 1 .42 MeV, corresponding to an average tnergy of2. 1 3  MeV. Grundl and Eisenhauer2• 3> propose continuous segment corrections to the basic shape but on the other hand recent results of Blinov et al. 4> suggestthat in the region from 1 keV to 1 MeV neutron energy no corrections to a Max­wellian is necessary. But notwithstanding the small corrections which can be brought to the de­tailed shape of the spectrum it is a fact that nowadays the spectrum of californiumspontaneous fission neutrons is known to an accuracy that is in general superiorto the one of the energy differential cross sections for neutron induced reactionsin the same energy range. Therefore the use of a 2 5 2Cf source in conjuction with a well calibrated de­tector set up makes possible integral tests of the energy differential cross sectiondata. This comparison follows from the difinition of the average cross section mea­sured in a 2 5 2Cf spectrum: 
00 

f N (E) a (E) dE 
(a) = -o ____ _

00 . J N (E) dE
(I ) 

0 

From the relation (1) it is obvious that if the spectrum shape N (E) is accuratelyknown, the comparison between the measured (a) and the one calculated via ( 1 )shall bear on  the knowledge of a (E). The measurement of (a) i s  a relatively sim­ple measurement many small laboratories can afford but surprisingly the dataare still rather scarce and scattered in results. To be able to study the actual situation in the nuclear data for fission neutronswe have measured die average cross sections for the reactions shown in Table 1 .

2. Experiment

Sour�e 

The source of 2 5 2Cf of 20 µg 2 5 2Cf located at the laboratoire de PhysiqueNucleaire in Rabat has been used. The source strength was declared by the ma-nufacturer (Amersham) to be 4.6 x 107 s - 1 ± 1 . 5% on 3 1  December 1975. Todetermine the strengt of the source at the time of irradiation a half life of 2.638
years5> was used. The 2 5 2Cf under the chemical form of oxide is doubly encapsuled in weldedstainless steel capsules. The thicknesses of the walls of each capsule is 0.8 mm.The outside dimensions of the source cylinder is 7.8 mm in diameter and 10  mmin height. 
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Irradiation 

For irradiations a special set up was constructed out of thin aluminium, allo­wing for irradiations at . a distance of 4.3 ± 0. 15 mm from the vertical axis r�n­ning through the source in the median plane of the cylinder. The targets were discs of 10 mm in diameter ranging in thickness from 0. 1 to 0. 7 mm. 
To determine the neutron fluence at the target position, the yield of the reac­tion 1 1  sin (n, n') was measured in function of the source-target distance. It was found that the neutron fluence could be satisfactorily calculated assuming a point source and 1/re dependence, where re was found to be 5.2 ± 0. 12 mm for sam­ple thickness 0. 1 mm. 
During irradiation the set up was hung in air 6 meters above ground and from any wall, minimizing thus the scattered neu1ron background. 
The ·thermal neutron flux was measured in the following way - the 1 1  sin (n, i') reaction was measured with and without a cadmium foil. The two yields, after corrections for distance and attenuation of the neutrons in the cadmium foil, were equal within the statistical error. We therefore did not introduce a correc­tion for the thermal neutrons in the measured (n, 'i') reactions. 

Activity measurement 

The activity was measured with a 67 cm 3 GeLi detector. The samples have been placed at 6.5 mm from the detector window. Special corrections were in­troduced to take care of the counting geometry which is different from the one the efficiency was measured with. The detector efficiency has been determined with an uncertainty of ±1 .5%. 
The gamma ray absorption in the samples was taken care off using measured attenuation coefficients. The dead time corrections were negligibly small in our case since we are working with a low intensity neutron source. 

3. Reactions studied

The list of the reactions studied and. the nuclear parameters used is presen-ted in Table , I .  
The parameters given in Table 1 have been taken from the Table of Isotopes 6>. 

4. Results

The average cross sections measured in the present experiment are shown in Table 2 together with available literature data on the same reactions. 
The uncertainties quoted for our results are the ones due to counting statistics and the error in the re· The uncertainty in the source strength � 1. 5 % and in the detector efficiency �l.5% should be added to the errors in ·Table 2 to .obtain 
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In 

Au 

Cd 

Al 

Zn 

BaO

Ni · 

Fe ---
[Sr 
(OH)2,
8H20]
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REACTION 

1 1 s1n (n.,n') 1 1  sm1n 

1 1  s1n (n,y) l 1 6mln 

1 1 31n (n.,n') 1 1 31n 

1 9 1 Au (n,y)1 98Au 

1 1 1cd(n,n')1 1 1mcd 

1 1°Cd (n,y) 1 1 1mCd 

21 Al (n,p)21Mg 

64.Zn (n,p)64Cu 

6szn (n,y)69mzn 

1 38Ba (n,y) 1 3 9Ba 

1 34Ba (n,y)usmaa 

1 3 saa (n,n') 1 3 smaa 

5 8Ni (n,p)58Co 

s6pe (n,p)5 6Mn 

87Sr (n,n')81msr 

usr (n,y)s ,mgr 

T1i 2  

4.486h 

54.3 mn 

99,47mn 

2.697d 

48.6mn 

,, 

9.462mn 

12.699h 

13.76h 

82.9mn 

28.7h

" 

70.78d 

2.58h 

2.805h 

" 

TABLE 1. 

ATOMIC ISOTOP.
MASS ABUND.

(%) 

114.82 95.7

,, ,, 

,, 4.3

196.967 100

112.4 12.8

,, 12.4

26.98154 100

65.38 48.9

" 18.6 

1 37.34 ·71 .9

,, 2.4

,, 6.S

S8.7 67.76

55.847 91.7 

87.62 7.0 

,, 9.9

Parameters of the reactions studied. 

y;.RAY 
DETECT. 

(keV) 

336,0

1293.4 

391.72

411.794

24S.3S 

,, 

843.7 

511.006

438.7 

165.85 

268,1

,, 

810.74

846.74 

388.4

,, 

INTENS.
OF THE 

,, (%) . 

45.9 

84.6

64

95.S

94.2

,, 

73 ' 

38.6

94.8

22 

16

,, 

99.44

98.87 

82

,, 

the total uncertainty. However, since the statistical error quoted is much largerthan the latter two, the overall uncertainty shall not be much larger than the onepresented in Table 2 

(a) = n 1 (a1 ) + n2 (a2)n1 + n2 

where n 1 and n2 are the respective number of nuclei of each isotope and ( a 1 ) and (a2 ) are the average cross section for each reaction. 
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5. Discussion

Comparison of the present results with preoious data found in the literature 

REACTION 
1 1  s1n (n,n')1 1  smrn 1 1  srn (n,y) l J 6mrn 1 u1n (n,n') 1 um1n 1 91 Au (n,y) t 9sAu 

Table 2 shows our results compared to available data. It is apparen nhat even 
for very useful dosimetric reactions like the one on indium we do not have a very 
large number of data. Actually for most of the reactions from Table 2 there is 
only one 

 
other measurement and only in one case ��re exi��d already S measu­

rements.
The present results are in 

 
general agreement with · literature data .· except for

some of the Debrecen data 1 0 • 1 1  >.
It is gratifying to see that in the case of the reactions on indium and gold the 

data are coherent enough to warrant the calculation of the mean · · 
value of the data 

from different laboratories. 
We have done that, rejecting two data for the Au (n, y) reaction, namely the 

results of the Debrecen group 10• 1 1  > ru;id the results of Pauw et al. 1 2> � We have 
rejected those data on the ground that · they ·are coherent- neither among themsel­
ves nor with the rest of the data as a whole. The · mean values obtained in this 
way are given in Table 3. 

TABLE 3. 

I (a) 10- 3 1m2 

196.4 ± s.o124.0 ± 3.5 
169.5 ± s.s 78.0 ± 2.0 

Mean values of (a). 

Comparing the mean values in Table 3 with our values from Table 2, we 
find that only in the case of the 1 1 5In (n, y) reaction is our value outside the 68% 
error ·quoted. 

Comparison betu•een measured and calculated average cross secJions 
We have calculated the values of (<1) according to the relation (1) using the a (E) · .from the evaluated data files ENDF/BIV and ENDF/BV as well as the re­

sults .=of Smith and Meadows 1 4>, The average crqss sections were calculated assu­
ming N (E) to be a Maxw�ian with the temperature parameter T = � .42 MeV.

The results · .for the calculated values ·· (a)�alc compared · with the measured 
values (a) meas are shown in Table 4 for·those reactioµs wherea (E) data .were avai­
lable to us. When two sources for O' (E) have been used both values · of (O')ca,c
are shown. In the last column the ratio (<1)measf(a)i:.aic has been shown. This ra­
tio should give a measure of the acctlfacy of the agreement .between the integral 
meas1_.lrement and the data on a (E). It was pointed out by Smith1 5> that the ave-

196 FIZIKA 17 (19°85) 2, 191-1 99 
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rage cross sections may be insensitive to some variations in the shape of the ex­citation functions and that therefore the requisite data base for nuclear energyapplications .cannot be established. by means of integral measurements alone. Ho­wever if the agreement between (a)calc and (a)meas may not be always significant,the disagreement most certail)ly is indicative. 

REACTIONS 

i 1 5In (n,n') 
1 u1n (n,y) 
1 1 31n (n,n') 
1 97 Au (n,y)
58Ni (n,p) 
58Ni (n,p) 
27Af (n,p) 
27Af (n,p) 
64Zn (n,p) 5 6Fe (n,p) 56Fe (n,p) 
1 38Ba (n,y) 
1 3 5Ba (n,n') 

+
1 34Ba (n,y) 

I 
(u) rrie.:,s/ 

1 10-3 1 m2 I 
196 
1 16
168 
78 
95. 1
95.1 
4.7 
4.7 

36.2 
1 . 15
1 . 1
1 .3

181 

TABLE 4. 

(<1}calc/ 
I 

ORIGIN OF 
I 

(u) rrieas
110- 3 1  m2 u (E) (u}calc 

183 {�F/B-V 1.07 
130 �NDF/B-IV 0.89 
143.5 ANL J . 17  
76.5 ENDF/B-V 1.02 

1 16.5 ENDF/B-V 0.82 
102 ANL 0.93

5.1 8 ENDF/B-V 0.91
4.78 ANL 0.98

37 ANL 0.98 
1 .5  ENDF/B-V 0.77 
1.43 ANL 0.76 
2.2 ENDF/B-V 0.59 

230 ENDF/B-V 0.79 

Comparison of measured average cross sections with calculated ones using T = 1.42 MeV. 

The errors to the ratios in Table 4 is between 10 and 15 percents due to bothuncertainties in (a)meas and a (E) . .  Therefore on the basis of Table 4, the follo ...wing conclusions can be drawn: 
i) When two sets of a (E) were used the ANL one gives a ratio closer to one; 

ii) According to all measured values of (a) for the reaction 1 1 3In (n, n') 1 1 3m1nthe ratio indicates too low a value. The disagreement may suggest one or mo­re resonances too narrow to be detected in the a (E) measurements. 
iii) The (a)catc values for 5 6Fe (n, p) seem to be too high compared with ourvalue as well as with the one from Ref. 9. On the contrary the value of Alberts7> 

is in agreement with (a) catc comparing data from Table 2 and 4. 
iv) The data for reactions on 1 3 8Ba, 1 3 4Ba and 1 3 5Ba yield (a)catc values whichare much higher than these measured in our experiment. The lack of moreintegral data on the some reaction precludes a definite statement about thea (E) in these cases. 
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MJERENJE USREDNJENIH UDARNIH PRESJEI<A ZA AKTIVACIJU NEUTRONIMA IZ SPONTANE FISIJE 252Cf 
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Originalni znanstveni rad 

Usrednjene vrijednosti udarnih presjeka za reakcije 1 1  5In (n, n') 1 1  sm1n, 1 1 5In (n, y)1 1 6mJn, 1 1 3Jn (n,n') l l 3mJn, u'Au (n,y) 19sAu, 1 1 1Cd (n, n') l l lmCd + 1 1 0Cd (n, y)1 1 1mcd, 2 1Al (n, p)2 'Mg, 64Zn (n, p)64Zn, 68zn (n, y)umzn, 1 3sBa (n, y) 1 39Ba,
1 3 5Ba (n, n') 1 35mBa + 1 34Ba(n, y) 1 35mBa, 5 8Ni (p, n) 5 8Co i 87Sr (n, n')8 7msr +
+ S 6Sr (n, 1) S 7msr izmjerene SU U fisijskom spektru neutrona jednog malog iz­vora 2 5 2Cf. Rezultati su opcenito uzevsi u slaganju s podacima iz literature. U slu­cajevima gdje su cliferencijalni udarni presjeci u ovisnosti o energiji bili dostupni, usrednjene vrijednosti udarnih presjeka bile su izracunate pretpostavljajuci neutrons­ki energijski spektar Maxwelovog oblika s param.etrom T = 1,42 MeV sto odgova­ra srednjoj energiji spektra od 2,13 MeV. Usporedba izmjerenih i izracunatih vrijednosti pokazuje velika neslaganja za slucajeve reakcije 5 6Fe (n, p ), 1 3  8Ba (n, y)te 1 3 5Ba (n, n') + 1 34Ba (n, y). 
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