
International Atomic Energy Agency 
INDC(CSR)-6/GI 
INT(85)-1 

N T E R N A T I O N Â I N U C L E A R D A T A C O M M I T T E E 

NEUTRON ACTIVATION CROSS SECTIONS FOR CR ISOTOPES AT 14.8 MEV NEUTRON ENERGY 

I. Ribansky, T. Panteleev and L. Stoeva 

COINCIDENT IN-BEAM MEASUREMENTS ON 52-CR BOMBARDED WITH 14.6 MEV NEUTRONS 

P. Oblozlnsky and S. Hlavac 

April 1985 

«AHA NUCLEAR DATA SECTION, WAGRAMERSTRASSE 5, A-1400 VIENNA 





INDC(CSR)-6/GI 
INT(85)-1 

NEUTRON ACTIVATION CROSS SECTIONS FOR CR ISOTOPES AT 14.8 MEV NEUTRON ENERGY 

I. Ribansky, T. Panteleev and L. Stoeva 

COINCIDENT IN-BEAM MEASUREMENTS ON 52-CR BOMBARDED WITH 14.6 MEV NEUTRONS 

P. Oblozinsky and S. Hlavac 

April 1985 



Reproduced by the IAEA in Austria 

April 1985 

85-01872 



Neutron activation cross sections for Cr isotopes at 14.8 MeV 

neutron energy *" 

Ribansky I. 

Institute of Physics, EPRC, Slovak Academy of Scioncos, 84228 

Bratislava, Czechoslovakia 

and 

Panteleev Ts. and Stoeva L, 

Institute of Nuclear Research and Nuclear Energy, Bulgarian 

Academy of Sciences, Sofia 1181, Bulgaria 

Abstract* Neutron activation cross sections for Cr isotopes 

were measured using Ge(Li) Y-spectroscopy of the reaction 

products. The linear least-squares method was used to resol

ve the interfering reactions. The results are compared with 

other data measured at 14.6 - 14.8 MeV» 

Work supported by IAEA, Vienna under the Research Agreement 

N 3436/CF o 



- 2 -

1, Introduction 

Activation technique havo boen used to measure the cross 

sections for neutron induced reactions on Cr isótopos with tho 

emphasize to (n,p) and (n#np) * procosses. Though marry such 

data havo boon measured in tho past it is generally difficult 

to find out what valuo is to bo proforrod in difforcnt kind of 

applications or comparisons with theoretical calculations. The 

point is that the measured data often exhibit outuol disagre

ement substantially exceeding tho quoted uncertainties* This 

is probably the reason why the new data aro still roquostod in 

WRENCU 03/34 (1983). Moreover the chromium is one of tho poten

tial component of the fusion reactor construction notorial and 

obviously preciso and reliable activation data are needed for 

that purpose« Recently tho Coordinata Research Programme was 

launched by the International Atonic Energy Agoncy, Vienna to 

encouroge this kind of measurements» Wo believe that one of 

tho efficient way to improve the existing situation in activa

tion data for Cr is their careful roaoasurononts U3ing modern 

experimental procedures, data processing techniques and error 

handling methods. 

The activation cross sections measured in this work ivlll 

be coa pa rod sait h all other results contained in CIIJDA (The in

dex to the literature and computer files on Microscopic fjeutron 

Data, published by IAEA, Vienna). However only thoso data moo— 

sured between 14.6 and 14.3 MeV incident noutron energy will 

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

(n„d) contributions. 
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be considerad in ordar to minimize the influence of the excita

tion functions behaviour around 14 MeV. These d3ta will bo re

ferenced by the year during which they were included in CIIiDA. 

Tho original reforencos aro omitted as many of them wara not 

available to present authors. Thoy can be found in CINQ\ however. 

2. Experimental procedure 

The details of the experimental technique and data aquisi-

tion system are described in our previous papers (Gcxuca and Ri-

bansky, 19S3a and Rlbansky and Gmuca, 1983). Here we report 

only details pertinent to the prosent experiment. 

Tho samples used wore prepared by pressing Cr20-< powder 

into ploxiglasïS containorü (¡i 16 era). The enriched saciplos wore 

ôupplied by TtECHNABEXPORT, Moscow. All samples were of spectral 

purity and at least two targets wore prepared from each isoto— 

pic mixture. The isotopic abundances are listed in Table 1* Tho 

sample thickness varied from 200 to 4QO tag/cm*". 
A 

The required neutrons wore produced via the T(d,n) Ho reac

tion using small electrostatic accelerator (120 kV) and thick 

water-cooled Ti-T target. Th« time variation of the neutron flux 

vw3 monitored by two neutron detectors and waa taken into account 

in the cross section calculations. Theoe detectors were calibro-
56 

tod several tines before each run using Fo(nflp) reaction assu
ming 6T =105.4 * 1.1 inb, Ryvos st al. (1978a). To chock the 
experimental procedure the Al samples were also irrradiatad and 

27 
the c ross suct ion for A l ( n , p ) r e a c t i o n was de te rmined . I t s va— 

56 * 
i u ü - r o l a t i v ü t o 6" A Fo) - turned out to bo 71 .0 - 2 .3 iab. I t 

up 
is not in as good agroeraent with 66 - 2 mb reported by Ryvas et 
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al. (1378b) as ene would expoce* It is howovor in porfect 

agreement with the EHDF/8-5 (1979) évaluation (71.0 nib). 

V*hsn possible tho irradiation of Cr samples wore repea

ted in order to lower the statistical uncertainties. The ac

tivities of the reaction products were maasurad with Go(Li) 

detector (2.5 koV at 1332 keV) and at least two K-ray spoc— 

tra wore taken after each irradiation and recordad on a disc 

for off-lino processing. The full energy poak areas were eva

luated using the code G1VENN (Gmuca and Ribanfeky, 1903b) o 

They were corrected for tho selfabsorbtion and the coinci

dence summing offacts using tho codo KÜRSUM (Oobortin and 

Schfltzig, 1979). To detenain© tho contributions of (n,p) 

and (n,np) processes on neighbouring isotopes leading to 

the sane reaction product, measurements wars ciado on samples 

with several different isotopic abundances» Tho corroopon— 

ding cross sections ware evaluated using a linear least — 

square sethod, 

3. Uncertainties 

A great caro was devoted to the correct treatment of 

both correlated (systematic) and uncorralatsd (statistical) 

errors connected with tho present experiment» Tho covorian— 

co matrix method (Mannhart, 1981 and Smith, 1981) vias en-

ployed for the estimation of our total data uncertainties. 

The sources of uncertainties which were taken into account 

aro listad in Table 2. All uncertainties quoted in our pa-

par represent one standard deviation. 
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4. Results and discussion 

Tho results of our measurements ara presented in Tabla 3» 

Those data which ara correlated with each othor are grouped and 

the corresponding covariancs aatrix is given in the lest column. 

Tho number of independent irradiations is shown in the 4th co

lman. 

The decay data of tho reaction products oro prosontod in 

Table 4, The coincidence suoaing corrections (factors by which 

the aeasured full energy peak areas wars multiplied) arc given 

54 

in the last coluon» Note that for Cr(n,p) reaction those cor

rections araount to 20 %. Tho nuobers in brackets (column 2 and 

4) represent tho uncertainties of the half-lives and V,"*tran~ 

sition intensities in the sane format as used by Loderor and 

Shirley (1973). 

Our results aro comparad with the previous' raoasurecents 

performed at 14.6 - 14.8 MoV in Tables 5 and 6. In general tho 

detailed comparison with other data is difficult bocauso nany 

important experimental dotaila are often not prosontod by the 

authors, different reference reactions ware frequently used 

and different experiaantal technique (o.2*A counting) was oomo— 

tiaca employed. Therefore only vary general observations based 

on Tables 5 and 5 will be presented. The data are ordered ac

cording to the year they were included into the CIf£3A. 

Table 5. Our cross section for (n,2n) reaction is in 

very good agreeraant with tho majority of othor results. This 

statement includes also those data which do not overlap with 

our value within tho quoted uncertainties by less than -<2 tab. 



Tha reason ±3 that tho jaeasùrod excitation function (Chrtterjoe 

at al.r 1969 and Sornan, 1SS5) exhibits gradiont ̂ 2 nh/0.1 MOV 

between 14 and 15 MeV. The raoaining throe values oro corapati-

blo viith our results only at 3 6" confidence level» 

For 52C r(n,2n) reaction the gradiont of th© excitation 

function is ̂ 13 ab/Q.l MaV. îiaving thi3 in Dind ono can ooo 

that our result is in very good agreement with JU3t the half 

of other data. Tho rosult of Araminovicz and Dreslor (1372) is 

clearly too low. The valuo roportod<i by Maslov et al. (1972) 

is very probably too high and this is probably truo also for 

Sailor et al. (1977) value» Tha last observation is baaed on 

tho non-activation measurement of Cr(n,2n) cross section 

(4QG * 32 nb) seasurod by Frohaut ot al. (1380) at 14.75 

MoV. The contributions of (n,2n) reactions on Cr and Cr . 

isotopos to tho Frehaut ©t al. (i960) valuo can bo estimated 

froa tho cemieapirical calculations of Paarlstoln (1973)» Thoy 

roprosent. ZZ rab and 87 mb respectively# The contribution of 
50 * 

Cr(n,2n) reaction is only r~ 1 iafo and wo aro left with 353 « 

28 ob for the cross section of (n,2n) reaction. This value 

is in agreeaent with our result and support our above nentio— 

nod assertion. 

Tabla 6. Our cross soction for ^Zr{n9p) reaction ia in 

agreeaent with only 4 out of 10 other oeaourotaonts presented 

in Table 6. Disturbing fact is that tho rest of the data ara 

substantially largor than our rosult. Tho contribution of 
53 

Cr(n,np) reaction (admitting it was not taken into account) 

can not explain tho observed discrepancy. For natural sooplos 
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53 assuming G" ( Cr)«7 mb, this contribution represents-~i % 

because tho product ^( ^Cr) 6^ (3 Cr) - ^is tho .Uotopic 

abundance - is ̂ "JQQ 7C *^r) 6^ ( Cr)0 For samples enriched 

in T r tho situation is still nore favourable* Tho incident 

neutron energy spread is also irrelevant because the excitation 

function of nir(n,p) reaction is practically constant around 

.14 NoV (Clator. 1969 and Kern et al.# 1959). It appears that 

our crocs section is probably too low though nc obvious roa— 
52 

sons can be* identified. The measured proton spectra of Cr 

(n,xp) reaction (Grimes et al,, 1979) can also be usod to de

duce the (n,p) activation cross section, Assuaing that the se

cond particle (in this case tho neutron) is certainly emitted 

from *V nucleus once its excitation energy reaches the neu

tron binding energy the (n,p) activation cross section can be 

approximated by the integral of the experimental proton spec

trum from pn-threshold to the maximum proton energy. Froa Gri

mes et al. (1979) data we obtained ~80 - 15 tab a value which 

is in agreement with our measurement. 

For other two (n,p) reactions the situation is much bet— 

tar. Our ^ Q Í Cr) is in very good agreement with other re-

suits. Only tho Qaim and Molla (1977) value is notlcable hig— 
54 hor than ours. For Cr(n»p) reaction no cooaent is noedod as 

all results are in perfect mutual agreement. 

The (n.np) data are characterized by a largo discrepan

ces between our measurements and those of Qaira and Molla (1977) 
53 which are substantially higher. While for Cr(n,r\p) reaction 

their valuo can vury probably bo in error (other two results 
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ara practically identical with our rosult) now moasurtwaents 
54 aro needed for Cr(n,np) reaction In order to resolve the ' 

observed discrepancy» 
54 The prasant value for Cr(n9c<) cross section is in 

very good agreement with Valkonan (1376) and Husain and Kü-

roda (1S67) noasuraaonts. Wo differ slightly with Sailor ct 

al. (1977) and significantly with Qaia (1974). 
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Table 1 . I s o t o p l c abundancias (%) of Ce ©cap í e s 

S t a p l e l o o t o p a 
50 52 53 54. 

N a t u r a l Cr 4*35 

^ÙT GO.5 

5 2 C r 0 . 0 1 

5 3 C r 0 . 0 3 

^ C r 0 . 1 3 

0 3 . 7 9 9 . 5 0 2 . 3 6 

3 . 5 O.Q 0 . 2 

9 9 . 0 0 . 1 9 0 . 0 1 

2 . 1 9 9 7 . 7 0 . 0 8 

4.06 2.01 93.8 
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Table 2. The principal sources of uncertainties 

Source Resulting uncertainty Co) 

Counting statistics 3,5 « 6 
Sample oass 3.i 
laotopic abundances 0.2 
^-ray intensities 0*0 - 7.8 
Detector efficiency (FEP) 1,5 
Reaction product half-life 0*3 - 3.0 

Irradiation and counting gocrjotry 0.2 

Coincidence sununing corrections 0.7 
V-ray selfoboorbtion 0»5 
Monitor calibration (including 
56 
Fe(n,p) reference reaction) 2«8 
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Tablo 3. Neutron activation cross sections for Cr isotopes 

at 14.8 MoV 

Ruction 

^CrCn.an)49^ 

52Cr(n,2n)51Cr 

52Cr(n.p)52V 
5,5Cr(n.np)52V 

53Cr(n.p)53V 

^CrCn.np)5^ 

^Cr(n.p)^V 

^Crin.oO51-! 

6* 
(mb) 

20.4 

361 

70.7 

7.3 

35.60 

1.53 

14.70 

10.63 

Uncertainty 
(ab) 

1.1 

22 

3.1 

0.6 

1.50 

' 0.14 

0.61 

0.46 

No. 
irradia 

2 

1 

33 

27 

27 

7 

of Correlation 
tions catrlx 

-

-

100 
-14 100 

100 

-25 100 

9 

a* 
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Table 4„ Decay data of reaction products 

R o ó c t i o n 
product 

4 9 C r 

5 1 C r 

5 2 V 

5 3 V 

w v 

5 3 T i 

Q ) uNDF/a 

7 l / 2 

4 2 . 0 9 ( 1 5 ) m 

2 7 . 7 0 3 ( 4 ) d 

3 . 7 6 0 ( 8 ) m 

1 . 6 1 ( 5 ) tn 

4 9 . 8 ( 1 . 0 ) 3 d ) 

5 , 7 6 ( 3 ) in 

- 5 ( 1 9 7 9 ) 

b)jf>*\ ( 1 5 8 3 ) 

(icoV) 

90*6 

1 5 2 , 3 

3 2 0 . 1 

• 1 4 3 4 . 1 

1 0 0 6 . 0 

8 3 4 . 0 

9 8 6 . 0 

3 1 9 . 7 

Iy C o i n c i d a n c o 
J aucuaing c o r r . 

(ÍS) 

5 4 . 2 ( 9 ) 

3 0 . 9 ( 5 ) 

9 . 8 5 ( 9 ) 

1 0 0 . 0 

9 0 . 0 ( 2 . 0 ) 

1 0 0 . 0 

8 1 . 8 ( 6 * 4 ) 

9 3 . 4 ( 9 ) 

1 . 1 1 3 

1 . 1 0 8 

1 . 0 

1 . 0 0 7 

1 . 0 0 1 

1 . 2 1 5 

1 . 2 2 4 

1 . 0 0 1 

R c f . 

a ) 

b ) 

c ) 

c ) 

c ) 
"• / 

c ) 

c'Lodorcr and Shirley (1978) 

d) Rous ot al. (1979) 
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Tabla 5. Coaparison of our (n,2n) cross sections with other 

noasureacnta at 14eS — i408 MaV 

(mfa) 

50Cr(n.2n)49Cr 

20.4*1.1 

21.9*0.5 
24 -5 
26.9*2.0 

26 *3 
31.4*2.5 

25.0*2.5 

25.0*2.5 

32.0±3.2 
27.0ÍQ.7 
18.8±1.9 

Référença 

Thia work 

a) 

b) 
c) 

<i) 
o) 
f)e EF 

g)a EP 

h) 
i) 

J) 

(ob) 

^rCn.an 

361-22 
377*45 
439*12 

304*20 

143*17 

543*50 
412*29 

)51cr 

Reference 

Thia work 

k) 
a) 

d ) •:•: 

Q) 

1) 
a). EF 

EF « Deduced frota the saasured excitation function 

a) Sa i l er et s i , (1S77) 
b) Valkonen (1975) 
c) Sigg (1976) 
d) Qaio (1972) 
a) Araoinowicz and Oréalar (1972) 
f) Chattarjea at al. (I969) 

g) Bonaan (1965) 

h) Mukharjea et al. (1961) 
i) Khurana and Hana (1931) 
J) Chittondan (1961) 
k) Molla at al. (1983) 
1) Maslov at al. (1072) 
sa) Boroan (1S68) 
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Tabla 6. Comparison of our {n>p), (n,np) and (n,<x) croso Suc

tions with other asasurocjonts at 14,6 - 14.0 Hoy 

6" Reference 

(nb) 

52Cr(n,p)52 

70.7- 3.1 

80 - S 
24 -10 

S6.1- 3.0 

73 Í 3 
110 ¿24 

115 -15 
82.8¿5.8 

105.0¿1Q«3 

82 .7^. 9*0 
113 ¿24 

i 

This work 

n). 
b) 
o) 

P) 
r), EF 

a) 
t) 

h) 

J) 
u ) , EF 

6" 
(nib) 

^ C r C n ^ p ) 5 ^ 

35.G¿1.1 

48 ¿7 
40 ¿7 

38 ¿6 

44 ±5 

37.3¿3.7 

Reference 

This wo 

n) 

b) 

P) 
a) 

J) 

rk 

e 
Cnib) 

*iA «vi. 

^ C r C n , ? ) ^ 

14.70Í0.61 
18 -3 

15 ±4 
13.5 ¿1.5 

Rof 

Till 

orenco 

3 work 

n) 
b) 

s) 

53Cr(n,np)52V ^CrCn.np) 5^ ^CrCn.o^5^ 

7„3¿0.6 

12 ¿3 
7.3*0.4 

7*1-1.5 

This work 

n) 
v) 

9) 

i.53¿0.14 
3.0 ¿0.0 

This work 

n) 

1Q„S3¿0.46 
13.4 ±1.2 

7 ¿4 

15.0 ¿1.6 
12.5 ¿io3 

This work 

a) 
b) 
x) 

0) 

EF a Deduced fro» tho cieosured excitation function 

n) Qaio and Molla (1977) u) Kern st al. (1959) 

o) Draslor et al. (1972) , v) Wobbor and Quggan (1968) 

p) Prasad and Sarkar (1969) x) Qaim (1974) 
r) Clator (1989) 
c) Husain and Kuroda (1987) 
t) Mitra and Ghose (1965) 
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52 Coincident in-beam measurements on Cr bombarded with 14.6 

MeV neutrons 

P. Oblozinsky and S. Hlavác 

Institute of Physics, Electro-Physical Research Centre of the 

Slovak Academy of Sciences, 842 28 Bratislava, Czechoslovakia 

52 Reported are experimental data for Cr sample obtained 

by coincident L-U. and n-0» in-beam techniques. The data in

clude average <_ multiplicities related to 8 discrete transi

tions, average (, multiplicities following emission of 1.3 -

11.6 MeV neutrons, average energies of these KA rays and ex
clusive neutron spectrum containing solely inelastic component 

Work performed under IAEA Coordinated Research Programma, 

Research Agreement No 3436/CF 
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1. Introduction 

Chromium is among basic elements of constructional mate

rials and its interactions with neutrons are of interest for 

both fusion and fission reactor technology. 
52 Probably most important chromium isotope is Cr with 

83.8% natural abbundance. It has closed If-, neutron shell, 

N=28, and the Q-value for (n,2n) reaction is 12.04 MeV. In-

elastically scattered 14.6 MeV neutrons can effectively popu

late unbound states of target nucleus and can be exploited in 

studies of their decay modes, specifically by u emission, via 

(n,nV) reactions. In order to probe such states more directly 

we used coincident in-beam techniques. 
53 In a natural target, however, one has 9.5% of Cr with 

loosely bound neutron above the closed shell, B = 7.94 MeV. 
53 n 

This means that u rays from Cr(n,2nu), which cannot be se

parated from Cr(n.n^) <x rays even if high resolution spec

troscopy is used, should be rather strong. For this reason we 
52 irradiated highly enriched Cr. 

In this report we present complete set of our experimen-
52 tal data for Cr sample obtained by a- Ĉ  and n - ̂\ coincident 

in-beam techniques. Except of average u ray multiplicities 

we for the first time report exclusive neutron spectrum which 

unlike total spectrum contains pure inelastic component only. 

2. Experimental procedures 

Measurements were carried out with the multidetector setup 

developed for combined in-beam neutron and u spectroscopy ex

periments using the associated particle technique . Geometri

cal arrangement of the present run is shown in fig.l. All spec

trometers are in the reaction plane. Since the Nal(Tl) is sen

sitive to neutrons it was located under 70° towards the incident 

beam in order to suppress events due to elastically scattered 

neutrons. Further suppression was achieved by the time-of-flight 

discrimination. 

Enriched sample (99.8 ±0.1%, weight 119.8g) of powder form 

was filled in a thin polyethylene bag (1.5g) of cylindrical 
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plastic/ 

¿ target 

0 
NE 213 O 

Ge(L¡) 

collimator 

-sample 

O 
Nal (TI) 

D stilbene 

Fig.l. Experimental arrangement. Size of spectrometers, their 

orientation towards incident beam and sample-to-detector front 

face distances were, respectively, 016cm x 10cm, 70 , 30cm for 

the Nal(Tl), 012cm x 4cm, 100°, 60cm for NE 213 and 70cm3,70°, 

15cm for Ge(Li). The Nal(Tl) was shielded by additinal lead 

collimator with apperture 011cm. 

shape (03.5cm x 6.5cm). Its average thickness was 0.0609 at/b. 

We measured essentially 2 coincident spectra. First, spec

trum of discrete u rays observed by the Ge(Li) spectrometer 

in coincidence with another k ray detected by the Nal(Tl) de

tector. Second, two-parametric spectrum comprising of neutron 

tof events as observed by the NE 213 irycoincidence with energy 

of (A ray events from the Nal(Tl). In addition, we recorded 

singles spectra from all the spectrometers. Data were collected 

by means of standard analyzers and low rate CAMAC oriented two-

parametric system based on the TPA-70 minicomputer. 



- 20 -

Spectra were processed and analyzed by standard procedu-
1 ) res '. Particularly, the Ge(Li) spectra were fitted by the 

non-linear least squares method embodied in the program GWENN 
2 ) 

(ref. '). Average u ray multiplicities were obtained by compar
ing coincident to singles Ge(Li) yields and by comparing coin
cident to singles neutron tof spectra. Absolute scale was re
tained by using measured total efficiency of the Nal(Tl). 

Energy-angle differential cross sections for exclusive 
neutron spectrum were obtained under the assumption that angu
lar correlation between emitted neutron and discrete c.N ray tran

si 
+ + 

sition (mostly 1434.IkeV, 2-* 0 gs) is weak. We used relation 

= if JU = a— Kol j 

CÍE. et CO dLE clcoclco 4% 
*\ A1 ^ Ai U ' /VÍ u, 

where N is the observed intensity per 1 MeV in the neutron n ' r 

spectrum as measured in coincidence with discrete U transitions 

detected by the Nal(Tl), 0 stands for the neutron fluence, A is 

the number of target nuclei,.Q. is the absolute NE 213 effi

ciency including the solid angle in sr and V¿P is the abso-

lute photopeak efficiency of the Nal(Tl). Neutron fluence was 

determined from the count of the associated oi particle dete

ctor corrected for the solid angle and for the figure of merit 

observed by the stilbene monitor. 

Corrections for sample-to-detector geometry and selfabsorp-

tion were calculated by the Monte Carlo procedure. No correc

tion for multiple scattering was applied. 

3. Results 

Average U ray multiplicities of cascades passing through 

specific low lying transition were observed in 8 instances in 

(n.nV) channel. The results are summarized in tab.l. Included 

in uncertainties are statistical error in determining peak area 

of coincident as well as singles Ge(Li) spectra, 5% uncertainty 

of the Nal(Tl) efficiency and 3% estimated uncertainty of ap

plied corrections. 
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Tab.l. Observed average uray multiplicities including specific 

discrete transition in Cr. Given in brackets are uncertainties 

Transition(keV ) 

647.4, 4*-* 4V 

704.6,(34)-* 4+ 
744.2, 6* -* 4* 
848.2, 5V-* 4* 
935.5, 4*--* 2* 
1246.2, 5* ->» 4^ 
1333.6, 4* -*2 + 

1434.1, 2*-*»0* 

Multiplicity 

5.6 (.6) 
6.8 (.7) 
5.8 (.6) 
4.8(1.5) 
3.7 (.3) 
4.4(1.4) 
3.7 (.4) 
3.7 (.2) 

Average u ray multiplicities of cascades following emis

sion of a neutron with specified energy are summarized in tab. 

2 and fig.2. Multiplicities were extracted from ratios of gi

ven bins of coincident and singles neutron tof spectra. Back

ground was subtracted from the raw spectra by the procedure 

devised by H. Klein et al. '. The uncertainties qouted for mul

tiplicities are basically due to statistical error in coincident 

neutron spectrum. Uncertainties in neutron energies run from 

about 20% at 1.5 MeV up to about 35% at 10 MeV. In the energy 

region where (n,2n) channel is open long (n,nV) cascades are 

mixed with much shorter ones from (n,2nu). Most of the secon

dary neutrons observed in the present experiment, however, refer 
51 to (n,2n) process leading directly to the ground state of Cr. 

Tab.2. Average u ray multiplicities as a function of observed 

energy of emitted neutrons. Given in brackets are uncertainties. 

Multiplicity E (MeV) n 
1.3 - 1.5 
1.6 - 1.8 
1.9 - 2.2 
2.3 - 2.6 
2.7 - 3.0 
3.1 - 3.6 
3.7 - 4.3 
4.4 - 5.3 
5.4 - 6.7 
6.8 - 8.6 
8.7 -11.6 

0 .7 ( 2 . 0 ) 
2.26 < 
2.82 
4 .48 | 
4 .59 ( 
4 .05 | 
4 .15 | 
3.70 ( 
3.43 | 
3.08 ( 
2.32 ( 

, . 4 7 ) 
' . 4 8 ) 
k . 4 8 ) 
k . 4 7 ) 
[ -43) 
[ .45 ) 
[ -45) 
[ .46 ) 
. . 45 ) 
.53) 

m 

Two-parametric spectrum n tof x Ov energy contains infor-

ation about u ray spectrum as a function of energy of emitted 
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Fig.2. Average u ray multiplicity as a function of observed 

energy of emitted neutron in the laboratory frame» Shown by 
arrow is the (n,2n) threshold. 

neutron. Due to low statistics these partial u ray spectra 

provide limited, though still useful, insight as concerns their 

shape. First moment of the spectrum has the meaning of the ave

rage energy of cascading U rays. It can be extracted from the 

spectrum by means of the calibration curve for centroids with

out unfolding of the raw spectrum. This procedure is meaning

ful in our case thanks to fairly constant efficiency of our 

Nal(Tl) spectrometer in a broad energy region. The results are 

given in tab.3. 

The two-pararaetric spectrum was further used to extract 

neutron spectrum in coincidence with 1434 keV c.rays. The lat-

ters refer to strong 2+-» 0+ gs transition in Cr which cumu

lates almost all (n,nV) cross section. This feature, supported 

by our singles Ge(Li) data, is demonstrated in fig.3 display

ing total coincident ÇA ray spectrum observed by the Nal(Tl) 

spectrometer. Pertinent neutrons, therefore, represent prac-

cally complete (n,n') component with no admixture from (n,2n) 

channel. In our case the 1434 keV peak should contain contri

bution from nerby 1333.6 keV and perhaps also from 1246.2 keV 
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lines. This admixture was taken into account using our sin

gles Ge(Li) data and thus double counting of coincident neu

trons was eliminated. The resulting exclusive neutron spectrum 

is summarized in tab.4 and fig.4, 

Tab.3. Average C\ ray energy as a function of observed energy 

of emitted neutrons. Given in brackets are uncertainties. 

E (MeV) 
n v ' 1.0 - 1.2 

1.2 - 1.6 
1.6 - 1.9 
1.9 - 2.2 
2.2 - 2.6 
2.6 - 3.1 
3.1 - 3.5 
3.5 - 3.9 
3.9 - 4 4 
4.4 - 5.0 
5.0 - 5.7 
5.7 - 6.6 
6.6 - 7.7 
7.7 - 9.0 
9.0 -10.8 

10.8 -13.2 

Ê  (MeV) 

1.71 
2.50 
2.33 
2.30 | 
2.39 
2.43 
2.40 ( 
2.60 
2.50 | 
2.29 | 
2.36 | 
2.45 ( 
2.53 ( 
2.02 < 
1.72 ( 
1.72 ( 

[.25) 
[.36) 
[.22) 
[-16) 
[.12) 
[.11) 
[.15) 
[.16) 
[.17) 
[.17) 
, .19) 
[.22) 
..25) 
..22) 
..22) 
..29) 

500 

</) 400 

g 300 

u 

200 

100 

"0 20 40 60 80 100 120 
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Fig.3. 0\ ray spectrum observed by the Nal(Tl) in coincidence 

with ~ 0.8 - 13 MeV neutrons. Indicated lines refer to (n,n\0 

channel. S 

k 

— • 

-

1 
> 
JÉ 

-r -J 

93
5 

U 

I 

I. 
• 

1 1 1 1 1 

— 

-



24 -

Tab.4. Exclusive neutron spectrum referring to (n.n'1434 keV) 
process (laboratory frame, 100°), Given in brackets are uncer
tainties. 

E (MeV) 

1 
1 
2 
2 
2, 
2, 
3. 
3, 
3, 
4, 
5, 
5.7 
6.6 
7.7 

n 

,5 
,9 
,2 
,4 
6 
,8 
,1 
5 
9 
.4 
0 

1 
2 
2 
2 
2 
3 
3 
3 
4 
5 

.9 

.2 

.4 
,6 
.8 
.1 
,5 
,9 
,4 
.0 

5.7 
6.6 
7.7 
9.0 

9.0 -10.8 
10.8 -13.2 

d 2G 

dE d n 

5 
9 
14 
28 
25 
17 
13 
10 
11 
8. 
4. 
1. 
2. 
1. 

mb 

MeV sr 

.4 

.8 

.6 

.5 

.5 

.9 

.8 

6) 
5) 
7) 
6) 
S) 
5) 
5) 
5) 
4) 
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Fig.4. Exclusive neutron spectrum (see tab.4). Average neutron 

energy indicated by arrow is 4.l9(.l7) MeV. 
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4. Discussion 

To our best knowledge all data included in this report 

have been measured for the first time. Still, however, cer

tain comparison with earlier data is possible in two instan

ces. 

O.K. Dickens et al. ' have reported average a ray energy 

observed on Cr(n,x<A) reactions as a function of energy of in

cident neutrons. Their value, Ef^2.3 - 2.4 MeV taken from fi-

gure at 14.6 MeV, seems to be in very good accord with our 

results. One of course should keep in mind that we report prac-
52 tically Cr(n#nV) component only. 

Our exclusive neutron spectrum at spectral energies above 

about 2.5 MeV can be compared with full neutron spectra as 
5 ) o 

measured by Hermsdorf et al. ' at 14.¿ MeV, 90 and by Taka-

hashi et al. ' at about 14.0 MeV, 103° on natural Cr. Accord 

with these data seems to be fairly good, too. 

The authors are indebted to O. Pivaró for the help with 

the irradiation facility. They wish to thank S. Gmuca for mak

ing available the code GWENN and to M. Morhác for the imple

menting the CAMAC-Fortpan routines. 
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