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Neutron activation cross soction for Ni isotopes at 14.8 iteV'

Ribansky I., Krigtiak 3,
Institute of Physics EPRC, Slovak Academy of Sciences, CS~-
84228 Bratislava, Czechoslovakia

and

Stoeva L., Panteleev C.
institute of Wuclear Research and Nuclear Enorgy, Bulgarian

~caduny of Scicences, Sofia 1181, Bulgaria

Neutron activation cross soctions for Ni Jisotones woro
measured usinag Ge(l.1) X -ray epcctiroscopy of thu reaction
products, Thu ilinear luast-squares uethod was usued to re=
solve the interfaring reactions., The results oktainaed are
ccmpared with reccnt experimental and ovalucted daoty, sto-

tisticul nodel and semiovmpirical calculations,

1, INTRODUCTION

Though very many meusuremunts of neutron activation
cross sections at -~ 14 MoV werc raportud in the literatu-
re up to now the new data aro otill rcquired as documented

|
e.ge. by the recoent issuc of WRENDA 83/84" . Thera are many

* Work suppored by IAEA, Vienna under the Research Agre-

ement NO 3436/CF and the Interregional Project INT/1/018.

**World Request List for Nuclear Data, published by IAEA,
Vienna 1983,



reasons bchind those new requireuwants, Tha most important
one, we believo, is the fact that tho reportod cross sec-
tions often oxhibit larye mutual disagreoment greatly ex-
ceeding quoted uncertainties (see e.g. Cesikai [1], Bych-
kov et al, [2]). For the svaluators the renormalization
of different results ie very difficult and the roconsidec-
ration of quoted uncertainties almost impossible, This na-

kes the significance of such data rather guastionablc both

from the point of viow of their practical applications (e,
g. fusion reactor design) and theoreticul interpretation
(o.g. test of models describing the reaction mechanisa),
It appears that ths only way to imprbva the existing ei-
tuation is the careful remeasurements of the important neue
tron activation data using modern experimontal technitjues,
data processing procedures and error estimation methods.
In this paper we present our measurecments of the neu-
tron activation cross sections for Ni isotopes with the
emphasize to (n,p) and (n.np)+ processes. Such data are
needed baecause the nickel is one of the potential compo-
nont 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 the 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.



2, EXPERIMENTAL PRCCEOURE

The details of the experimental technique and data
aquisition cystem wore describod in our previous papers
[3, 4]. Here we report only the details pertinent to the
present experiment,

The samples used were prepared by pressing HiO0 or
pure metal powder into plexigluss containers (g 16 um).
The enriched <amples weroe supplied by TECHSNABEXPORT,
Moscow. All samplas were o7 spectral purity. Their iso-
topic abundances are listed in table i. The sample thic-
kness varied froa 250 to 600 mg/cmz.

The required neutrons wero produced via T(d,n)4He
reaction and irradiations were psrformed at zero degrees
vith respect to deutron beam. The tims variation of the
neutron yield was monitored by two neutron detactors and
was taken into account in the cross section calculations,
the present experiment, The covariance natrix method cs
proposed by Mannhart [10) and Smith [11] was employed
for the astimation of total uncertainties. The sources
of uncertainties wiich were taken into account in this
work are listed in table 2. All uncertainties quoted in

our pape- represent one standard deviation.

3., RE3ULTS ANO DISCUSSION

The final results of our meusurcuenits aire presented

in table 3. Those data which arce correlated with auch other

are ¢rouped and ths correspending correlation natrix is

civen in the last columne. The number of independent irru-



Table 1: Isotopic cbundances (;;) of i sauplos

Isotopo
Sanploa 53 60 G1 G2 64

tlatural Ni 68.27 26,10 1.13 3.39 C.91

i 99.8 0.2 0.05 0,04  0.19
G0y 0.08  99.9 0,01 0.01 0.01
6114 9,2 20.7  G6G.6 2.9 6.6
ST 3.64 2,066 0.25 0.95 93.1

Tablo 2: Tho principal sources of uncortuintious

Source Raesulting uncertcinty (%)

Couting statistics

Saaple nass

Isotopic abundances

Y -ray intonsities

Dotoctor efficioency (FER)

Reaction product half-lifo

Irradiation counting geomotry (posi:ion)
Coincidence summing corroections

¥-ray selfabsorbtion

Monitor calibration !including
56

OOOH.OOOC
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Fe(n,p) reference reaction)

diat:ions is given in tie 4th celuwn, The deacay data of the
reaction products are presented in table 4., Hore the last
colunn contains tha values of the coincidence csurning cor=-
rections for the x-transition used, The numbers in brac-
kets (column 2 and 4) represent the uncertainties in the

same formzt as usad by Ledersr and Shirley [12].



Table 31 MNoutron activation cross sections for i
isotopes ot 14,8 tloV

Measursad Crror Ho., of Corrclation

Roaction cross section mousure=- matrix
(ub) ({3) wents (%)
BNi(n,2n)?"NL>27co 32.6 8.6 G 100
81 (n,np)3co 487 5.1 4 -20 100
By (n,p)>%Rco 134.2 2) 4.6 5 100
31 (n,p)>P9co 120.4 3) 5.7 -20 100
3BNi(n,p)°%"*9co 254,6 2.5
60 60mg
Ni(n,p) 50.1 8.4 14 100
631 (n, np)Gom 25,8 3.6 -49 100
531 (n,p)®2co 66.6 4.7 17
%211 (n,p)®%co 11,7 ) 6.8 100
4
%211 (n.p)®%9co 17.3 P} G.9 -GG 100.
8241 (n,p)5%* 9%, 29,0 3.1
841 (n,np)®3co 0.06 4,7 G
8401 (n, o )8Fq 4,28 3.7 6

a) Analysis of the 810.8 koV X—line dccay curvo

b) Analysis of the 1129.1 keV, 1163.5 kov and 1173.0 koV
Y =line decay curves

3.1 Ni(n,p) reactions

°8Ni(n,p)5800 reaction: Both the isomeric (6;) and
the ground (Gé) state cross sections were determined in
this work by analysing the decay curve of the 611 kev X—

transition,



Table 4: Decay data of reaction products

Reaction Itklf=life E I lkotTe Coincidonce
product (kov) ') Suiling cor=
voction
5711 36.08(9) h 127.2  12.9(9) a) 1,20
1377.6  77.9(23) a)
o 271.73(14)d 122,1  85.68(13) o) £.00
| 136.5 10.67(13) by 1,00
°8ac 9,15(10)h 24,9 100,00(IT) c) 1.40
S8gc, 70.80(3) d 810.8 99.4(3) “) 1,03
60n o . - Q)

Co 10.47(2) 56.6  2.07(13)(IT) 1,00
61c, 1.650(5)h 67.4 86(3) ¢ 1,02
S2uco 13,91(5) . 1163.5 62(2) c) 1,12

1173,0  97.9(2) c) 1.12
620¢, 1.50(4) ®  1129.1  13.1(9) c) 1.11
1173,0 82.6(0) C 1.02
63¢co 27.5(3) o 87.1  49.3(15) c) 1,00
SR 5.98(6) m  1027.4 42.7(26) c) 1.07
1205.1 43.6(14) c) 1.01

IT = isomeric transition
) Ref. [34)
b) Ref. [35]
©) Ref. [12]



Table 5: Comparison between experimentael and calculated

(n,p) activation cross sections

Experimental cross Calculated cross

Reaction section (ub) santicn (rb)

a b c FPEQ
S8Ni(n.p) 255 £ 7 290 344 0.16
50N1(n.p) - 127 121 0,19
61yi(n.p) 67 % 3 G5 74  0.56
5241 (n,p) 20 % 4 27 A5 0.44
84Ni(n.p) - G 18 0.67

8 This work

b Proequilibriua model

C Levkovskii'’s formula

This reaction was frequently investigated in the
past. The measured excitation functions exhibit a largoe gra=-
dient ( ~200 mb/MeV) around 14 MeV. Vo shall therofore con-
pare our results with only those values measurod recently at
~14 .8 MaV.,

Viennot ot al. [13) measured the excitation function
S S
26929 mb which is in agreement with our result. Similarly,

around 14 MeV. From their results we deducod sto

from the excitations functions measured by Roics et al. [14]

»268210 wb and the isomeric ratio © (5%)/6(2%=

we found Gkot

6,/ 6'9-1.2-’-0.1. Both values agree with .our results within
the quoted uncertainties. On the other hand tha excitation

functions measured by Hudson ot al. ([15] imply 6t°t=331326



mb and 6n-166313 at 14.8 MeV, Their 6 deviates signifi-

tot
cantly from our value. The same is true for E5tot=338322‘ub
measured by Fukuda et al. [16] and 6. .=375%22 ub roportod
by Qaim and St8cklin [17) . Similar disagreemont is obsor-
ved for aevaluated values 347+¢5 nb [ 7] and 410230 ab [2].
Our €3t°t can also be comparoed with Grimes ot al. [18]
spectral data. To do so one usually assumes that tho emnig=
sion of the second particle starts immaediuataly at the so-
cond particle threshold S,. The quantity to be compared
with the activation cross section is therefore tho inte-
gral froam S, to ‘£:°x (vaximum enargy of the emitted pro-
ton). Considering only nucleon emission Sa-E-min(Bpn.sz),
where B’s are the binding energies of nucleon pairs in "1

and E 1s its excitation energy. In our case B aBp -1.6 oV

2p n
(19] and for tho corresponding integral we obtained 130%22 wb

a value which 1s too small compared to weasured activation

cross section, Howavor due to essontizlly zero reaction

crnas section for protons with 6065(0. 1.G) eV - (SR
]

( €p=1.6 lieV)=x 1 nb, Mani ot al, [2d-alnost no swcondae

ry protons cre emitted up to the U __ threshcld, Starting

o
the intogration fro=x spn we obt:inid ~ 250230 ub which
seoms to support our result, Should there bo, however,
any reason why the emission of the second neufron from
580 to low lying levels of 57Co bo hindered tho intogra-

tion should start below S__ and the intagral could roach

pn

value wall abova 300 wb a3 d§ /de = 100 ab/t1sVY near Spn.
Censidoring tho swin distribution of the conpouncd nucleus
59 5

N1 (soe diccussion bellow) and the level schene of e

(127 we feel 1t will aot happen.



bLNi(n.p)boCo reaction: Due to the long hali-life of

the ®99co nucleus we woro ablo to waasure only ESH crouss
sesticn, Our value is ln otricking disagreement with the
two racent measurements: 2623 ub (Viennot et al, [1'5]) and
95210 mb (Molla and Quim [21]) thnugh the sane docay data:
and experimental technique were used. Wo would like to
argue that our valuc should be closer to tho trué ono.
The rocont meesuremente of Gtotn &, + 69 uru con-
centrated around ~125 mb 3 112212 ab Molla and Qaim [211,
134211 mb Fukuda et 21. [16] and 128%13 mb Loss et al,
[22] . These results are also in good agrevuent with the

integral (from S__) of the experinental 5olli(n.p") proton

pn
spectrum ( 136220 wb) measured by Grimes et al. [18). One

can thersfore expect 693 6(5*)~ 30 mb if Gmi S(2*)=95ub

or Gg'z 95 ab if 6 =~ 30 wb. This implies 6&(5%)/ 6(2%)

= 0.3 or 3 accordingly. Both ratios appear to bs impro-

bable, Using the transmission cocfficients of Mani et al.
[20] we have calculated the spin distribution of the cou-
pound nucleus,., It is centered at ~3.8 h which is just be-
twaen tha spins of the ground state (5*) and the isomaric
state (2*) of tho 6oCo nucleus, RBccousc this spin distri-
bution is not uppreciably changed after the proton emio=-
sion we expect the ratioc ES(S*)/GKZ’) to be close to 1 us

58

was tho case for Ni(n,p) recction., Our Efm coes satisfy

this expectation,
GlNi(n.p)31Co razctions The crouss section measured
in this work disaqgrees with the ricent ncasurements of
Molla end Qcim [21]) 95210 nb and Viennct et al. [23)] a3
15 nb, The scme holds for the cvaluutsd velus 95%10 wb

Bychl:ov et al, [2]. vic did not find arn indication which



vzlua should be mors oppronriute as in both cases the so=-
a0 wxperinontal techrdque and deocey datz vicro used, \WWe no=
to that the theoretical calculations (seec sect. 3.4) seoms
to support our recult,

62Ni(n.P)sZCo reaction: Both 6 _ end Gg cross: soc-
tions wero dotermined in this work, Our (Fm ic ~2 times
smaller than €5m-2132.5 nt messured by Molla and Qaim [21].
Vicnhot at 21, [12] also measured both cross soctions and
fouid 6@:1932 wb which diffcr eubstantially from our value

and 6b=2212 mb which is clcse to our result. ‘Ye have rno

reasonable explanation for the obsorved difforances,

3.2 Ni(n,np) reactions

58Ni(n,np)57Co reactions The cross section determined
in this work is corrected for the contribution of 58Ni
(n.2n)57Ni reaction which lecads to the production of 57Co
nucleus via P+ deciy of >’Ni. Our value is in guod agre=
eﬁent with 520250 mh reported by Qaim [23]. Other vaius re=-
psrted by Fukuda et al. [i6] (373229 nb) and Raics et al.
[14] (630%27) mb differ substantially from our rosult.,

Gl“i(n.np)BOCo reactions Uanly Eim wes detevwined in
this vork due tu long half-lifa of the 509¢¢ nucleus. Our
value turned out to bc ~ 2 timss highor than tho oaly re-
cent rasult remcrted by Qaim [23) : 13.0%:.0 ub. Surpri=-

60

sing fact is that our 65 for "~ "Ni(n,p) iecaction leading

to the same bomCo nuclaus was ~2 times snallor than the
208llich vzlue, This implizs that thc ratio of thoe {n,p)

ctions - as meocuraed at J8llich

u

[¢

und (n,np) 1soaaric cross s

- is ~ 4 tines higher than our ratio vhile the sunm of thosec

10
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cross sectisns differs only by 30 %, vur being snaller, If
we are in error the main source of the observed discrepan-
cy has to be hidden in the lincar least=sgyuare proceoure
which in fact evaluates how much of the ubsarved octivity
of 69ac, should be attributed to different = in our case
two =~ sources. We found that such an error is statistical=-
ly highly improbable (1§=31)- We believe that the siwultuw-
neous measurements of the ‘n,p) ond (n,np) cross sec=
tions is more relizble than separate measurcmcnts correc=
ted for the contributions from other ihterfering reactions,
Our belief 4s based on the fact that 66 for GOHi(n,p)somCo
reaction chtained from the irrudiations of the sumples hig=-
ly enriched in BaNi (99,2 ) reuained the suuwe when the da=
ta frowm other isotopic mixturos were used in the linecar
lesst=square procedurc,

64Ni(n.np)G3Co reczction: This rcaction was also inves=
tigated rccently ot Jallich, Their renormalizcd activation
cross section 3.030.4 mb (Quim [23]) is agein in striking
disugrecment with our result, Theough the sume cecay data
were used in both cases the results differ by & ¢actor of

3. Wie hava no cxplanation for this anorcous diff.irence,

3.3. Uther neNi reactions
58Ni(n,2n)57Ni reacticn: Thls rzaction wos mausured
primarily because it interferes with 58Ni(n.np) reaction,
Cur result is in 2xcelent agreenmsnt with the wijority of
other data measured recently: 35%3 ub Qain and Holla [24].
25.623 mb Hudson et al, [15], 27.523 nb Adanski et al,

[25), 30%6 mb Molla et cl. [26], 35.3%1.4 mb raics ot al,

1



[14], 34.8%2,1 mb Csikei [27], 40.3%1.5 ab Lu et ol. [28)
and 39.63%0.52 mb Winkler et al. [29). The same holds for
the evaluated values 35.1 mnb [7] and 30 mb Bychkov ot al,
[2].

64Ni(n.ﬁ()ﬁiFe reactions This reaction was rearly ine
vestigated in the past. As far as we know there exists
only ona activation cross scctiuil waodourociunts ot 14,8 ilaV
due to Loevkovskii (30]: 5.2%1.2 ab. This value is in Lgro=-
encnt with tho presunt rooult within the (uotod uncortaine

tios.

3.4 Coumparison with calculated (n,p) cross sovctions

tiow wo coupare our (n,n) vctivation cross suctions
with tho proaqguilibriun statisticul wodel culculutions
and tho prodictions basod on tho souionupirical fornulu do=-
rived by Lovkovskii [31].

Tho presyuilibrium odol oiaployed in this work is dou-
scribed in dotoil by Ribunsky {32). It diffors frow that
used in our previous paper (Ribansky and Guuca [4]) in the
following. The model assumes that only those nucleons lying
on tho last occupiod subshells of thu targot nuclous aro ine
volved in the preoquilibrium stuge of a rouction. The numbor
of excited protons (noutrons) are calculzted using the froo
NIl cross section. As a rasult tho holo dogroees of ffaodou
are essentially eliminatod and tho spoctra of cuitted par-
ticles arc hardor. The only frea parcpotor is tio norual{-
zation constant for the intranucloar trunsitibn ratae. In
our calculution it wus doturminud from tho siuulcanoous
fit to the measured nautron (lorusdorf ot al. [33)) und proton

(Grimes ot al. [1QD spoctru at ~214 1oV for nelll rouctions,

12
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Figure 1, The comparison betwseasn the oxporimental data
(histogram) of Grimes et al. (1979) and the
calculated proton spectrum (full curve) for
'58N1(n.xp) reaction, The dotted curve repre-

sent the preoquilibrium part ¢f the proton

enissinn, The arrow indicates the threshold

for the second particle emission,
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Figure 2, As in figure 1 for 60Ni(n.xp) reaction,



Tho calculatod first onittod proton spoctra urc coupu=

rod with the exporinent in figs. 1 and 2. Tho culculutions

roproduco tho exporiument very well both in mugnitudc and
shape. Obviously thils is cessential for the couparison of
the calculated activation cross soctions and thosc dodu=
co from the spectral data. In tublc 5 the comparison bo-
tween the exparimontal and calculsgtud (intograls from S

max pn
to ¢ ) (n,p) cross sections ars prascnted (coluun 2

P
and 3), Tho calculated values agree quito woell with our
measured data giving soéo confidonco to thoir reliabilitcy,
The scmiempirical predictions (colunn 4) arc in quito good
agreemont with our thsoretical volucs for tho first threo
reactions. For tho last two rcuactions this differonce isg
larger roaching a factor of 3 for 84ui(n,p) rouction. This
is not surprizing becususc the Levkovskii’s foroulu is bae-
sod on tho evaporation mechanisu and should fail to duge
cribe situation where the proequilibriuw onission is sube
stantial., The calculated fruction of preooguilibriun onige-
sion FPEQ (last column) indicates thot this is really tho
casa,

It would be very intorsting to uousuro the cross sec—

64

tion for Ni(n,p) rcaction in order to test our prodic-

tion. Extrapolation of our oxperinental data ussuning E;npa

I‘J?’E}X‘_s

(=1+0xp(0.852 x)) mb, whero xa Ep indicoatos that

pn

6”p(64N1) should indeed be around 6 mb, Tho recoauonded

volue of Bychkov ot al, (2] 5%1 ub supports our prediction.

14



4, CONCLUGION

The noutron activation crosa soctions for Hi icoto-
poes &t 14.C MoV woro moasured using Ge(Li) 5'-spoctro-
scopy of the reaction products., Tho lincar loust=squara
method was used to resolve (n,p) and (n,np) roactions
on the nelghbouring isotopos leuding to tho sauc reac-
tion product, This method which is basod oin the use of
targets with soveral diffoeront isotopic coupositionc sc=
eas to be more reliable than the separato meusuromonts
correctod for the contribution frow interforing reuctious.
An effort was wadoe to trout corroctly ull errors = wo cre
aware of = associated with the pruscent expocrinont.

Our measured cross sections werc conpared with tho
rocent experimental data. A large doviations wero obour-
ved for (n,p) and (n,np) cross soctions, In sovoral co=
ses wo found arguments favouring our results. Thosc weoro
howover not sufficiently conclusive and; claurly, ctill
new neasuroenonts aro needed to improve thse situation.

Tho (n,p) cross sectiocns worc comparod with tho cale=
culations based on the statistical preoquilibrium wodol,
Theso calculations support our (n,p) duta. Thoe soniompie
rical predictions wore found to ovorestinats progrossivoe
ly the (n,p) cross sections for thoe neutron rich i iso=
topes. The large ( ~50 {;) contribution of tho prooquili-

briun enission scems to ba responsible for this trond.

15
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