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Neutron activation cross section for Ni isotopes at 14*0 floV+ 

Ribansky I., Kristiak 0, 
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84228 Bratislava, Czechoslovakia 

and 

Stoeva t., Panteleev C. 

Institute of Nuclear Research and Nuclear Energy, Bulgarian 

/-.caduKiy of Scioncos, Sofia 1101, Bulgaria 

Neutron activation cross sections for Ni isotopes woro 

measured using Ge(Li) V -ray spectroscopy of thu reaction 

producto. Thu linear luast-squares uothod wus uettd to re­

solve the interfering reactions» The results obtained are 

compared with roccnt experimental and ovaluatud d¿tj, «to-

tistical riiodel ¿arid sowiwmpiiical calculations. 

1. INTRODUCTION 

Though very many measurements of neutron activation 

cross sections at ~14 MoV wera r3portod in the literatu­

re up to now the new data aro otill required a3 docucientod 
++ ' 

e.g. by the recent issue of WRENDA 85/84 . Thero are many 
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reasons behind those new requirewants. Tha most important 

one, we believe, is the fact that the reportad croas sec­

tions often exhibit large outual disagreement greatly ex­

ceeding quoted uncertainties (see e.g. Csilcai [l]f Bych-

kov et al. [2]), For the ©valuators the renornalization 

of different results is very difficult and the roconoido-

ration of quotad uncertainties almost impossible* This na-

kos the significance of such data rather questionable both 

from tho point of viow of thoir practical applications (a. 

g. fusion reactor design) and theoretical interpretation 

(o.g. test of oodels describing the reaction mechanise). 

It appears that the only may to improve the existing si­

tuation is the careful reoeaeuremonta of the important neu­

tron activation data using modern experimental techniques, 

data processing procedures and error estimation methods. 

In this paper we present our measurements of tho neu­

tron activation cross sections for Ni isotopes with the 

emphasize to (n,p) and (n,np)"f processes. Such data are 

needed because the nickel is one of the potential compo­

nent of the fusion reactor construction materials. Also 

the comparison of our data with the recent integral and 

differential measurements can contribute to the identi­

fication of the "best" values and tho comparison with 

the theoretical models can shed light on the reaction 

mechanism or their competence to describe it. 

The (n,np) symbol stands for the sum of (n,n'p), (n,pn) 

and (n,d) contributions. 
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2. EX PERIMENT/M- PROCEDURE 

Tho details of the experimental technique and data 

aquisition oystem W9re describod in our previouo papors 

[3, 4]. Here we report only the details pertinent to the 

present experiment. 

The samples used were prepared by pressing MiO or 

pure metal powder into plexiglass containers (/J 16 urn). 

The enriched ^amples were supplied by TECHSNADEXPORT, 

Moscow. All samplay were of spectral purity. Their iso— 

topic abundances are listed in table 1. The sample thic-
p 

knees varied from 250 to 600 mg/cm . 

The required neutrons waro produced via T(d,n) He 

reaction and irradiations wore performed at zero degrees 

y.'ith respect to deutron beam. The time variation of the 

neutron yield was monitored by two neutron dotactors and 

was taken into account in the cross section calculations. 

the present experiment. The covariance i.iatrix method as 

proposed by Mannhart [10] and Smith [ll] wa3 employed 

for the estimation of total uncertainties. The sources 

of uncertainties w'.iich were token into account in this 

work are listed in table 2. All uncertainties quoted in 

our pape" represent one standard deviation. 

3. RESULTS ANO DISCUSSION 

The final results of our o>tiüt>urciúurtts ¿ru presented 

in tubls ¿, Those data which aro correlated wj.th ouch other 

are grouped and ths corresponding correlation uatrix i3 

riven in the ljot column. Tho number of independent irr<j-
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tabla 1: Isotopic abundancos (#J) of 111 oauploo 

¿ 3 0 p l 0 

Natural 

« N i 
e 0Mi 
G 1NI 
6 4 N i 

Ni 

5G 

60.27 

99.0 

0.08 

9 . 2 

3.64 

60 

26.10 

0 . 2 

99.9 

20.7 

2.06 

"f sotopo 
61 

1.13 

0.05 

0.01 

66.6 

0.25 

62 

3.59 

0.04 

0.01 

2 . 9 

0.95 

04 

0.91 

0.19 

0.01 

0 . 6 

93.1 

Toblo 2: Tho principal oourcoo of uncartaintiuo 

Source Resulting uncertainty ('/,) 

Couting statistics 0.5 - 6 

Saople mass 0.1 

Isotopic abundances 0.2 

)(-ray inton9itiea 0.3 - 2.2 

Dotoctor officioncy (FE?) 1.5 

Reaction product half-life 0.3 - 3.0 

Irradiation counting geometry (position) 0.2 

Coincidence summing corrections 0.7 

X-ray selfabsorbtion 0.5 

Monitor calibration 'including 

Fe(n,p) reference reaction) 2.0 

diat:.ons is given in tiie 4th column. The decay data of the 

reaction products are presented in tabic 4. More the last 

colunn contains th3 values of the coincidence aun.r.iirig cor­

rections for the J(-trendition used. The numbers in brac­

kets (column 2 and 4) represent thtï uncertainties in the 

same format as usad by Lcdorar and Shirley \_1'S]. 
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Tabla 3» Nautron activation cross soctiono for Ni 
isotopes ot 14*8 MoV 

Hoasursd Error No. of Correlation 
Roaction cross section measure- matrix 

(ub) (1¿) tient s CJ) 

^ N i (n .2n) 5 7 Ni -+ 5 7Co 
5 0 Ni(n f np) 5 7 Co 

5 0 N i ( n f P ) 5 8 i a C o 

^ N K n . p ) 5 8 ^ 
5 0 Ni(n .p) 5 8 c , *9Co 

6 0 Ni(n .p) 6 0 r a Co 
6 1 N i ( n . n p ) 6 0 u C o 

32 .6 

467 

134.2 a ) 

120.4 u ) 

254.6 

5 0 . 1 

25 .3 

0 . 6 

5 . 1 

4 . 6 

5 . 7 

2 . 6 

C.4 

3 . 6 

6 

4 

3 

14 

100 

- 2 0 100 

100 

- 2 0 100 

100 

- 4 0 100 

61Ni(n,p)61Co 66.6 4.7 17 

62Ni(n,p)62mCo 11.7 b ) 6.0 100 11 .7 b> 

17 .3 ») 

29.0 

6 . 0 

6 . 9 

3 . 1 

62Ni(n,p)62gCo 17.3 b' 6.9 -06 100 

Ni(n,p) ^Co 

64Ni(n.np)63Co 0.06 4.7 

64Ni(n,o()61Fo 4.20 3.7 

a' Analysis of the 810.G koV ^-line decay curvo 

Analysis of tho 1129, 

^-lins decay curves 

b^ Analysis of tho 1129.1 keV, 1163.5 kov and 1173.0 koV 

3.1 Ni(n,p) reactions 

C O C O 

Ni(n,p) Co reaction: Both the isomeric (6* ) and 

the ground (6T) state cross sections were determined in 
y 

this work by analysing the decay curve of the Oil keV V-

transition. 



T a b l e 4 : Decay d a t a of r e a c t i o n p r o d u c t s 

R é a c t i o n H a l f - l i f e E I K'üf. C o i n c i d o n c o 
p r o d u c t (IcoV) (1¿) cui.i . injj co r -

r o c t i o n 

1 2 7 . 2 1 2 . 0 ( 9 ) u) 1 .20 5 7 H i 

5 7 C 0 

5 0 o C o 

«"SCO 

6 0 D C O 

6 1 C o 

Co 

3 5 . 0 0 ( 0 ) h 

2 7 1 . 7 3 ( 1 4 ) d 

9 , 1 5 ( 1 0 ) h 

7 0 . 8 0 ( 3 ) d 

1 0 . 4 7 ( 2 ) M 

1 .65Û(5)h 

1 3 . 9 1 ( 5 ) a 

1377 .6 7 7 . 0 ( 2 3 ) a ) 

1 2 2 . 1 0 5 . 6 0 ( 1 3 ) b ) i . 0 0 

1 3 6 . 5 1 0 . 6 7 ( 1 3 ) L) 1.00 

2 4 . 9 lOO.OO(IT) c ^ 1.ÜÜ 

8 1 0 . 3 9 9 . 4 ( 3 ) " ) 1 .03 

5 0 . 0 2 . 0 7 ( 1 3 ) ( I T ) u i 1 .00 

6 7 . 4 G6(3) c ) i . C l 

1 1 6 3 . 5 6 2 ( 2 ) C ) 1 .12 

1 1 7 3 . 0 9 7 . 9 ( 2 ) c } 1 .12 

C 2 f-Co 1 . 5 0 ( 4 ) ia 1 1 2 9 . 1 1 3 . 1 ( 9 ) c ) 1 .11 
o) ip 1173.0 02.G(0) s" 1.0 

63Co 27.5(3) a 07.1 49.3(15) c^ l.orf 

61Fo 5.98(6) H 1027.4 42.7(26) c ) 1.07 

1205.1 43.6(14) C* 1.01 

IT a isomeric transition 

a ) Re f . [34] 

b ) Re f . [35] 

c ) R e f . [iz] 
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Table 5: Comparison between experimental and calculated 

(n,p) activation cross sections 

Experimental cross 
Reaction section (tub) 

a 

Calculated croas 
soot ion (rab) 
b c F 

peg 

58 

60 

61 

62 

Ni(n.p) 

Ni(n.p) 

Ni(n.p) 

Ni(n.p) 

64 Ni(n.p) 

255 * 7 

67 * 3 

29 * 1 

290 

127 

05 

27 

344 

74 

1U 

0.16 

121 Ü.19 

0.50 

4G 0.44 

0.67 

This work 

Proequilibriun model 

c Lovkovskii's formula 

This reaction v/as frequently investigated in the 

past. The measured excitation functions exhibit a largo gra­

dient ( ~200 mb/MeV) around 14 MeV. Wo shall theroforo coo-

pare our results with only those values moasurod recently at 

~14.8 MeV. 

Viennot et al. [13] neasurod the excitation function 

around 14 MeV. From their results we deducod 6L • 6 • 6 a 
tot o g 

269±9 mb which is in agreement with our result» Similarly, 

frota the excitations functions measured by Raies et al. [143 

we found €Ttot»268-10 ob and the isomeric ratio 6(5*)/6(2*)-

6 ^ 0 «1.2^0.1. Both values agree with our results within 

the quoted uncertainties. On the other hand tho excitation 

functions measured by Hudson ot al. [15} imply 5 »331¿26 



fflb and 6 B-166-13 at 14.8 HeV. Their S deviutos signifi-

cantly from our value. The same la true for 6. =330-22 ub 

measured by Fukuda et al. Ll6] and 6. «375^22 ub roportod 

by Qaim and StOcklln [173 • Similar disagreement is obsor-

vod for evaluated values 347*5 cib L7j and 410^30 ab [2], 

Our €>tot can also be compared with Grimes ot al. [lO] 

spectral data. To do so one usually assumes that tho omis­

sion of tho second particle starts immediately at the 80-

cond particle threshold S^. The quantity to bo compared 

with tho activation cross section is therefore tho inte­

gral from Sp to £^° x (uaximum energy of tho emitted pro­

ton). Considering only nucléon émission s2
,,E"liainíQ

Dn»
B2D^ • 

where 8*8 aro the binding energies of nucleón pairs in Ni 

and E Is its excitation energy. In our case Q2DaDDn""i,e ,1oV 

[l9] and for tho corresponding integral we obtained 130*22 mb 

a value which is too snail compared to measured activation 

cross section. Howovor due to essentially zero reaction 

croas section for protons with £ fc(0, i.G) MaV - S\. 

( £ »1.6 lîoV):«l nb, Mani ot al. [2CÜ~ alraoüt 110 seconda­

ry protons ere emitted üp to the ¿ threshold. Starting 

tha integration froa S„rt we obtained ~250-40 ;.;b which 3 pn 

seems to support our result. Should thero bo, however* 

any reason why tho omission of tho second neutron from 
58 57 

Co to low lying levels of Co bo hindorod tho integra­

tion should start below S and the integral could roach 

value well above 300 ab as d^ /dew ICO ub/MjV near £ . 

' pn 

Ccnsidoring tho apiri distribution of the compound nucleus 

59 57 
Nl (see discussion bellow) und the level schor.10 of Cc 

Ci23 wo ftol it will not happen. 
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Ni(n,p) Co reaction: Duo to the long hulf-lifo of 

the ^Co nucleus we wore ablo to uiansuro only 6T cross 

scsticn. Our value is In otrlcking disagreement with the 

tv/o rocent measurements: 2S-3 wb (viennot et n.l. Ci'il) and 

95^10 ob (Molla and Qalra [213) though the sano doc#y data 

and experioental technique were used. We would liko to 

argue that our valuo should bo closer to the true ono. 

The rocont meesureuente of &* * G *G uru con­

centrated around ̂ 125 mb t 112^12 &b Molla and Qoin L21Jj 

134*11 mb Fukuda et al. [16] and 123-13 mb Loss et al, 

[22]• These results are also in good agreement with the 

integral (fron S ) of the experimental Wi(n,p) proton 

spectrum ( 136-20 nib) measured b/ Grisoes et al. [103. One 

can therefore expect 6 s 6{5+) «30 mb if 6" 5 6'(2+) « 95 Db 
9 

or 6 ^ 95 tab if 6\»30 wb. This ioplios S(5*)/S(24) 

~0.3 or 3 accordingly. Both ratios appear to be impro­

bable. Using the transmission coefficients of Mani et al. 

[20] wo have calculated the spin distribution of the cou-

pound nucleus. It is centered at ̂ 3.8 ft which is just be-

twoen ths spins of the ground state (5*) and the isomeric 

state (2*) of tho Co nucleus. Because this spin distri­

bution is not oppreciably changed after the proton enio— 

sion we expect the ratio 6(5'*,)/6(2"*') to be clooo to i us 

was tho case for Ni(n,p) réaction. Our o u coos satisfy 

this oxpRctation. 

Ni(n,p) "Co reaction* Tho crosa soction aeasured 

in this work disagrees with the recent measurements of 

Molli* end Q¿im [2l3 95-10 ob and Viennot et al. [133 93* 

15 nb. Tho saae holds for the cvalû tuci valut 9i£l0 mb 

Bychkov ct al. [2l. v/o did not find or. Indication which 

9 



value should be mors appropriate a© in both codec the so-

ao oxperinontal technique ¿nd doccy ¿ata vvc.ro used» VVa no­

to that the theoretical calculations (seo soct. 3.4) aooms 

to support our recuit. 

Ni(n,p) ^îo reaction» Both 6" end 6" croos suc­

tions wero determined in thi3 work. Our CT is ~2 tices 
(fi 

smaller than 6" «21^2.5 mb measured by Molla and Qaio Í2±], 

Vicnnot at r.l. [13] also measured both cross sections and 

foui.d 6\-1QÎ2 :r.b which differ substantially from our value 

and Ç) »22-2 mb which is clcse to our result. We have no 

3 
reasonable o;tplancition for the observed dif forancoo. 

3.2 Ni(n tnp) reactions 

Ni.(n,np) Co reactioni The cross section deteroined 

58 
in this work is corrected for the contribution of Ni 

57 57 

(n,2n) Ni reaction which leads to the production of Co 

nucleus via £ dec.iy of 'Ni. Our value is in good agre­

ement with 520^50 ml) reported by Qaim L'23l. Other value re­

ported by Fukuda et al. [i6] (373-29 nb) and Raies et al. 

[14] (630-27) rob differ substantially from our result. 

J ¡;i(r. ,np)J Co re¿ctio.*ij Only 6" iv~s dctoruincd in 

this v.urU tíuo tu long half-lifo of the 3 ^Co nucleus, Our 

value turned out to be ~ 2 tim;s higher than tho only re­

cent result reported by Q3iw [233 ; 13.C--.C i..b. Surprix 

sing fact is that our 6T for Ni(n,p) reaction leading 

to the same Co nucleus was ~2 times snallor than the 

OOllich value. This implies that the ratio of tho (n,p) 

«nJ (n,r.p) isomeric cross sections - ao neueurod at Dflllich 

- is ~ 4 tj.wü3 higher than our ratio while the sura of those 

10 
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cross sections differs only by 30 %, our being surlier. If 

we are in error the main source of the observed discrepan­

cy has to be hidden in the linoar least-square proceoure 

which in fact evaluates how much of the observed activity 

of "Co 3hould bo attributed to different - in our case 

two - sources. We found that such an error is statistical­

ly highly improbable (%^«1). We believe that the simulta­

neous measurements of the (n,p) and (n,np) cross sec­

tions is mere reliable than separate measurements correc­

ted for the contributions froci other interfering reactions. 

Our boli.ef is based or. the f¿ü': ¿hat 6" -for Ui(n,p) Co 

reaction obtained from the irradiations of the suaples hig-

iy enriched in Ni (99,9 r,j) romôinud the saue when the da­

ta froci other isotopic mixturas wore used in the linoar 

ieíst-squeire procedure. 

t!i(n,np) °Co reaction: Thi3 reaction was also inves­

tigated recently at wlüliich. Their renormalized activation 

cross section 3.0^0*4 rab (Cain [23l ) is again in striking 

disagreement with our result. Theugh the same decay data 

were used in bot;< cas¿s the recuits differ by u factor of 

3. We hava no explanation for this onorcous diff'.. ronco. 

3.3. Other n*Ni reactions 

50 57 
Ni(n,2n) Ni reaction: Thlc reaction w.:s msasurod 

58 

p r i m a r i l y because i t i n t e r f e r e s w i t h N i ( n , n p ) r e a c t i o n . 

Ci;r r e s u l t i s i n sxce.lent agreement w i t h tho m j o r l t y of 

o ther data measured r e c e n t l y : 35¿3 tab Gain and H o l l a [ 2 4 ] , 

25 .6 -3 mb Hudson et a l . [ 1 5 ] , 27,5¿3 fib Adaraslci et a l . 

[25] , 30±6 nb Mol le et c l . \ï€\ , 3 5 . 3 * 1 . 4 inb Paies ot a l . 

11 



[14] . 34.8Í2.1 cib Csikai [27], 40.3±1.5 flb Lu et ol. [20] 

and 39.63^0.52 mb Winkler et al, [29]» The same holds for 

the evaluated values 35.1 mb [7] and 30 nth Bychkov ot al. 

[2]. 

Ni(n, ̂  )0j"Fe reaction» This reaction was rearly in­

vestigated in the past* As far as we know there exists 

only one motivation cross section uououruuunts at 14.ü ¡JoV 

due to Lcvkovokii [¿ü] x 5.2-1.2 tub. This valuó is in acjro-

enont with tho prosont result within tho t,uotod uncortuin-

tios. 

3.4 Couparison with calculated (n,p) cross suctions 

liow vw coaparo our (n#p) activation cross suctions 

with tho proaquilibriuu statistical uodol calculations 

and tho prodictiono based on tho souionpiricul fornula do-

rivod by Lovkovskii [3ll • 

Tho preoquilibrium uodol ouployod in this work is de­

scribed in dotail by ííibanoky t32l . It diffors frou that 

usad in our previous paper (R iban sky and Guuca [4]) in tho 

following. Tho Qodol assuaes that only those nucloons lying 

on tho last occupiod subshells of thu targot nuclouo aro ln-

volvod in tho prooquilibriua starjo of a reaction. Tho nucbor 

of excited protons (noutrons) are calculated using tho froo 

tiU cross section. As a result tho hole dorjroos of froodou 

are essentially olininatod and tho spoctro of cuit tod par-

ticlo3 aro hardor» The only freo parcpocor is tho noruali-

zation constant for tho intranuclear transition rate. In 

our calculation it was doturtuinod from tho siuulcunoouo 

fit to tho Measured neutron (llurusdorf ot al. ['S3]) and proton 

(Grioes ot al. [ic]) spoctra at ~14 HoV for n-ftJi reactions. 

12 
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Tho calculated first oaittod proton spectra are coupa-

red with tho experiment in figs, 1 and 2. Tho calculations 

reproduce tho exporiuont vary well both in magnitude; and 

chapo» Obviously this is 033ential for tho coupariaon of 

tho calculated activation cross soctions and thooo dodu-

co from tho spoctral data» In tablo 5 tho comparison bo-

tvveen the experimental and calculatad (intoyrals froa S 
BOX P 

to £ ) (n,p) cross suctions uro prosontod (coluun 2 

and 3), Tho calculated valuoo agree quito vvo 11 with our 

aeasurod data giving soao confidonco to thoir reliability. 

Tho somieopirical predictions (column 4) aro in quito good 

agreement with our theoretical vrluos for tho first throo 

reactions. For tho last two reactions this difference io 

larger reaching a factor of 3 for Ui(n.p) reaction. This 

is not surprizing because tho Levtcovskii's foruula is ba­

sed on tho evaporation mochanisia and should fail to dúo-

cribe situation where the prooquilibriuw emission is sub­

stantial. Tho calculated fraction of proequilibriua ouio-

8ion FpE(j (last colunn) indicates that this is roally tho 

case. 

It would bo very intersting to uoaeuro the cross sec-

tion for ¡4i(n,p) reaction in order to test our prodic­

tion. Extrapolation of our experimental data aoouuing £ n D° 
wax (-l-roxp(0.853 x)) ob, where x» VI? -S indicatoo that 

£ , ( Hi) should indood be around G rob. Tho rocoouonded 

velue of DychUov ot al. [2l 5*1 ob supports our -prodiction. 

14 



4. CONCLUSION 

The noutron activation cross soctiono for Ni icoto-

poo et 14.G MoV woro ooasurod using Go(Li) ^-spoctro-

scopy of the reaction products. Tho linear least-square 

method was used to résolve (n,p) and (n,np) reactions 

on tho neighbouring isótopos loading to tho uauo roac-

tion product. Thi3 aethod which is baood on the uso of 

targets with several différent isotopic coupositionc uc­

eas to be raore reliable than the separata woasurocionta 

corrected for the contribution frou interforing reactions. 

An effort was aado to treat correctly all errors - wo ere 

aware of - associated with the prasont oxporiuont. 

Our measured cross sections wero coaparod with tho 

rocent experimental data. A largo deviations wcro obser­

ved for (n,p) and (nfnp) cross soctions. In oovoral ca­

ses wo found argunonts favouring our results. Those woro 

howovor not sufficiently conclusive and, clearly, ct.ill 

new aeasuroaonts are needed to improve the situation. 

Tho (n,p) cross sections were compared with tho cal­

culations based on tho statistical prooquilibriun» uodol. 

Thooo calculations support our (n,p) data. Tho couioopi-

rical predictions woro found to ovorostiuato progroosivo-

ly the (n,p) cross sections for the neutron rich Ni iso­

topes. The largo ( ̂ 50 '.¿) contribution of tho prooquili-

briuio emission SOODS to be respoasiblo for this trond. 

15 
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