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Abstract 

The double-, energy-, angle- differential cross section data, and the total yield 

of 5 8 Ni(n,a) 5 5 Fe reaction is investigated in the neutron energy range between 2 

and 9 MeV. The measurements were performed with the prompt detection method, 

detecting the alpha particles of the reaction with a multitelescope consisted of five 

ΔΕ-ΔΕ-Ε telescopes, placed at angles 14, 51, 79, 109 and 141 degrees relative to the 

neutron beam direction. The normalisation to the absolute units was made using 

the known total yield of the reference reactions 2 7 Al(n,a) 2 4 Na and ^ Ν ^ η , ρ ) 5 8 ^ ) . 

The cross section measurements were compared with previous measurements and 

with theoretical calculations performed with the STAPRE-H [1-4] code. 

1 In t roduct ion 

The neutrons produced in the fusion reactors induce various endothermic or 

exothermic nuclear reactions, leading the nuclei to different excited levels. 

These interactions between neutrons and structural materials of the reactors, 

are characterised by the nuclear cross section, the angular and energy distri­

bution of the emitted particles, the discrete and the continuous states of the 

nuclei. These data have to be known for both theoretical study of nuclear 

reaction and research in the field of the reactor technology, hi this work the 

cross section measurements, for the 5 8 N i ( n , o ) 5 5 F e reaction performed with the 

prompt technique detecting the outgoing alpha particles, aie presented. 



2 E x p e r i m e n t a l s e t u p - D a t a analysis 

A monochromatic neutron beam was used in the neutron energy range between 

2.0 and 9.0 MeV. The neutrons were produced via the D(d,n) and T(p,n) 

reactions. The incident particles of the above reactions loose a part of their 

energy due to the thickness of the target and according to the kinematics of the 

reactions a neutron spectrum is produced. The neutron spectra produced with 

the reactions D(d,n) and T(p,n) were simulated using the codes NUMAR [9] 

and N E U T [10]. The detection of the outgoing charged particles was performed 

by using the multitelescope [5, 6, 7, 8], shown in Fig. 1. Basically, the outgoing 

particles are detected from five telescopes which are placed at 14, 51, 79, 

109 and 141 degrees relative to the neutron beam. Each telescope consists 

of surface barrier detector and two proportional counters ( Δ Ε - Δ Ε - Ε ) . The 

proportional counters consist from two anode planes and four cathode planes of 

wires on each side of the sample measuring the energy loss (E) of the particles. 

The rest energy (E) is measured by surface barrier detectors of 400 m m 2 and 

either 100 or 1000 μιη thickness. An analytical study has been made for the 

gas pressure and high voltage for the optimum operation of the multitelescope 

[8]. In the middle of the multitelescope three samples and a source were placed 

: the sample of the reaction which has to be studied (^Ni) , the sample of the 

reference reaction ( 5 8 Ni or ^Al) , the sample for the background measurement 

(Ta) and the 2 4 1 A m source for the energy and efficiency calibration of the 

telescopes. 

Fig 1. The multitelescope and the collimator 

One of the main problems, for the performance of these type of measure­

ments with the multitelescope, is the background of the particles prqduced 

from the interaction between the neutrons with the various materials of the 

multitelescope. In order to reduce the background of the measurements the 

multitelescope was constructed from Ta because the cross section of the re­

action Ta(n,p) and Ta(n,a) is very small (~1 mbarn). A large proportion of 
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the background is due to the particles (alphas or protons), produced from 

the material (Si) of the surface barrier detector via the reactions Si(n,p) and 

Si(n,a). An analytical study was made for the determination of the optimum 

length of the collimator [8] (21 cm) in order to reduce the ratio foreground -

background. 

A Ta sample was placed in the multi telescope for the background measuremen-

t. The background sample position was not left void because the background 

particles could pass from one part of the multi telescope to the other, therewith 

increasing the background. During the foreground-background measurements 

a systematic and continuous control was made for determination of the opti­

mum conditions of the experiment. 

The foreground and background spectra for the reactions 5 8 Ν ί ( η , α ) , ^ Ν ^ η , ρ ) 

and 2 7Α1(η,α), are shown in the Fig.2. The energy spectra of Ni, Al and Ta are 

collected for equal neutron fluences. The measurement for the alpha emission 

lasted 16h and for the proton emission 5h. The neutron energy was 8 MeV. The 

ratio of the foreground to background measurement was 3.5 for the ^ Ν ^ η , α ) , 

4.8 for the ^ Ν ^ η , ρ ) and 2.1 for the 27Al(n,o:) reactions respectively. 
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Fig. 2. Foreground (thin line) and background (thick line) spectra of the 

reactions ^ Ν ΐ ί η , α ) , ^ Ν ^ η , ρ ) and 2 7Α1(η,α). 

So, a single telescope provides a proton or an alpha partcle energy spectrum 

under a certain angle in relative units. By integration over all energies one 

deduces the angular distribution of the yield of protons or alphas for unitary 
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neutron fluence. These distributions are fitted by Legendre polynomials and 

the integration over 4π sr is normalized to the kwown reference total yield 

values of the reactions ^Al(n,a) and ^ Ν ^ η , ρ ) . 

The proton and alpha particle energy spectra are corrected for energy loss in 

the sample and in the telescope gas by an iterative unfolding procedure [8]. 

This effect becomes very strong when the emitted particles of the reaction 

are alphas. The calculations were performed with the C O R R E C T I O N . P R O 

programme and a detailed description as well as some results, aie given earlier 

[8]· 

101 

10° 

io-1 

10° 

I 10-1 

E.=8.6MeV ι ' r -ι 1 r 

if 

X 
10° 

Έ 10·1 

5= 
Ό 
Φ loo 

10° 

10" 

Χ 

14deg ___ 

il 

ì 
51deg # 

jpHiaH!SIiniiiiHij 

ï 

79deg 

gjHïïSHïiïïij, 
# . 

h 

ζ 

δϊΦβφίΐϊϊ 

ίϊϊίϊίί^δδ^ϊ»« 

Ι 
4 5 6 7 8 9 10 11 12 

E. [MeV] 

Fig 3 The measured double differential cross section data of the ^ Ν ^ η , α ) 

reaction at 8.5 MeV. 
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3 C r o s s s e c t i o n r e s u l t s 

The double differential cross section of the reaction ^ Ν ^ η , α ) was measured at 

6.5, 7.5, 8.0 and 9.0 MeV neutron energy. The normalisation was made with 

two reference reactions for which the absolute total yield is well kwonn [10, 

11]: 2 7Α1(η,α) at 8.0, 9.0 MeV neutron energy and the 5 8 Ni(n,p) reaction at 

5.0, 7.5 and 8.5 MeV. At 6.5 MeV neutron energy the measured data were 

normalised with both reference reactions in order to check, if there is any 

discrepancy between the two results. The measured data in absolute units 

(mbarn/(MeV.sr)) for 8.0 MeV neutron energy are shown in the Fig. 3. At 

this neutron energy the alpha particles are emitted in the continuous region of 

the daughter nucleus ^ F e . This effect was expectable due to the fact that the 

level density is increasing exponentially as a function of the excitation energy. 

This increase has as a result the rise of the emission probability of the alpha 

particles in high energies. The discrete levels could not be observed for this 

reaction because the excitation energy of the compound nucleus was large (for 

example at En=8.0 MeV = > E C U T n = 16.8 MeV). 

cos ( 6 C M ) 

F i g . 4 Measured a n g u l a r d i s t r i b u t i o n s and Legendre p o l y n o m i a l 
f i t s of t h e N i ( n , a ) r e a c t i o n a t t h e n e u t r o n e n e r g i e s 
[MeV]: Ο 5 .0 , • 6 . 5 , · 7 . 5 , V 8 .0 , Τ 8 . 5 , D 9.0 

The angle-differential cross section can be extracted from the integration 

of the double differential cross section over the energy of the alpha parti­

cles. The measured values of the angular distribution with their uncertain­

ties are shown in Fig 4. The data were parametrized by using the function 

f = a -f 0.5b(3cos 2#-l), which is the sum of the zero and the second order 

Legendre polynomials. This parametrization gives the intgration of the data 

over 47Γ sr and shows also the symmetry of the angular distribution around 90 

degrees. The curve fits very well the experimental values within their uncer­

tainties (see Fig 4). This symmetric distribution of the emitted alpha particles 

gives the information that the 5 8 Ni(n,o) reaction proceeds via the compound 
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nucleus mechanism. The symmetric distribution is derived by the statistical 

model which is used to describe the interaction between the neutron and the 
5 8 N i nucleus for the creation of the compound nucleus. 

The energy-differenti al cross section can be extracted by integrating of the 

double differential cross section over the total emission angle (4x steradian). 

The experimental data of ^ Ν ^ η , α ) at 8.5 MeV energy are given in Fig. 5. It 

is observed that the energy distribution of the emmited alpha particles in this 

neutron energy is continuous. This is expected since at this neutron energy 

the energy of the compound nucleus 5 9 Ni is relatively high (17.1 MeV) and 

the deexcitation of the compound nucleus will proceed via the high energetic 

nuclear states of the daughter nucleus ^ F e . 
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Fig 5 The energy-differential cross section data ol the ^ Ν ^ η , α ) reaction at 

8.5 MeV neutron energy. 

The total yield of the alpha particle production taken by integrating the dou­

ble differential cross section over the emissioii^angle and the emission energy. 

The results with their uncertainties for this integration are presented in the 

Fig. 6. In addition to these data, experimental data from previous measure­

ments are also presented. It is obvious that some of the previous measured 

values are in a big discrepancy (maximum 40%) due to the fact that a well 

known reference (η,α) reaction is missing and a neutron fluence measurement 

can not be accurate. The experimental values of this work agree with the data 

of works 11, 12, 13 and 14. The data from the work 11 are in a very good 

agreement for all neutron energies except the 8 MeV one. Both measurements 

were performed with the same detection device but the normalisation in the 

work 11 was made relative to the reference reaction H(n,n)H. The experi­

mental values of this work improved the status of the cross section since the 

uncertainties fluctuating between 6 until 10%. 
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4 Nuclear model calculations 
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Fig 6 The excitation function of the ^Ν^η,α) reaction. 

4-1 Theoretical Results 

The energy differential cross section and the excitation function of the reaction 
^ ( η , α ) are also calculated with the STAPRE-H [1, 2, 3, 4] code. The equi­
librium emission is calculated with the Hauser - Feshbach model [15] and the 
pre-equilibrium emission with the Geometry-Dependent Hybrid Model [16]. 
The STAPRE-H code requires some fixed and some adjustable parameters for 
the cross section calculations. These parameters are given in the refs [7,8]. 
The cross section contribution according to the statistical and pre-equilibrium 
models as well as the" experimental results of this work, are shown in Fig. 7. 

The calculated cross section values agree very well with the experimental data 
except for the 8 MeV neutron energy where the theoretical value is 20% smaller 
than the experimental one (see Fig. 7). This discrepancy is due to a possible 
resonance, but it is difficult to maintain the existence of this resonance because 
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for this experiment a monoenergetic neutron beam is needed or practically a 
beam with energy spread of 70 keV. So, the measurement near 8 MeV and with 
an neutron energy spread of about 180 keV, could not show this resonance. 
It will be worthwhile to decrease the energy resolution of the neutron energy 
(that means longer radiation time) and to perform measurements near 8 MeV 
neutron energy. 

S 8Ni(n.a)5 5Fe 

r \ · 

\ 
\ * 

X 
Experiment 

TAPRE-H cal. 

I I I I I 

2 4 6 8 10 12 14 16 18 20 
E n [MeV] 

Fig 7 Measured and calculated cross section data of the ^Ν^η,α) reaction. 

4-2 Sensitivity Analysis 

The model calculations are very sensitive to nuclear level density parameters 
and also to the optical potential parameters. The level density parameters have 
been studied in detail for all the nuclei used in the entrance and exit channels of 
the reaction [17]. So, a sensitivity analysis for the level density parameters was 
not necessary because the previous values [18] were not corresponding exactly 
to the nuclei which take place in the reaction ^Ν^η,α), since they were known 
from a fitting curve made in a large atomic number interval (25<A<230). The 
calculation using the values from the ref [18] gave higher (25%) results. The 
model calculations were also sensitive to the optical potential parameters, 
so an analysis was made using two different optical potentials for the alpha 
particles which are described in detail in the works [19,20]. The parameters 
from the optical potentials are given in table 1. 

183 



Arthur - Young Potential 

Real Potential Vr = 193-0.15E Rr = 1.37 ar = 0.56 

Complex surface Ws = 0 

potential 

Complex volume Wv = 21+0.25E Rv = 1.37 av = 0.56 

potential 

Spin - Orbit Vso = 0 

potential 

McFadden - Satchler 

Real Potential Vr = 185 Rr = 1.40 ar = 0.52 

Complex surface Ws = 0 Rv = 1.40 

potential 

Complex volume Wv = 25 Rv = 1.40 av = 0.52 

potential 

Spin - Orbit Vso = 0 

potential 

Table 1. The optical model parameters from the refs [19, 20]. 

The difference of the results using the two different sets of parameters is shown 
in Fig. 8. At low and high energies the cross section values of the reaction has 
almost the same value, while medium energies around 10 MeV the results, 
using the two different optical model parameters, show a discrepancy of 15%. 
The calculated values shown at Fig. 8 are produced only using the condibution 
from the statistical model. 

5 Discussion 

The measurement using the multitelescope provides in detail the emission of 
the outgoing particles of the reactions as a function of the emission energy, 
the emission angle as well as the incident neutron energy. A reference reaction 
was used in order to avoid an absolute measurement of the neutron fluence. 
A simple measurement of reaction rate ratios, for the 58Ni(n,o)55Fe reaction 
as well as for the reference reaction gives the cross section of the requested 
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reaction, since the cross section value of the reference reaction is well known 
from the literature. The normalization to the absolute units using the refer­
ence reactions ^ Α ^ η , α ) 2 4 ^ and œNi(n,p)58Co is adequate but the latter is 
prefered since the cross section values are higher, the threshold of the reaction 
is low ("1 MeV) and the emitted particles have more energy. 
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0.02 
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Fig 8 Calculated excitation functions of the ^Ν^η,α) reaction using two 
optical potentials. 

The 5 8Ni(n,a) 5 5Fe reaction cross section data of this experiment globally con­
firm the lower data available in literature. The accuracy of this and other 
recent measurements may suggest the use of this reaction as a reference, but 
the level of accuracy expected remains questionable. The cross section value 
at 8 MeV neutron energy is almost 20% higher among all other available data 
in literature. A second measurement in this work confirmed our high value. 
Steep stuctures might exist in the excitation function and one ought to mea­
sure in small energy intervals (200 keV) with good neutron energy resolution 
(< 70 keV). The comparison of measured data with calculated cross section 
data obtained with the STAPRE-H code is satisfactory. The pre-equilibrium 
emission of the alpha particles is stronger at high neutron energies because 
the interaction time between the neutron with the ^Ni nucleus is small so, 
some alpha particles are emitted before the formation of the compound nu­
cleus (5 9Ni), since the nuclear system (neutron + 58Ni) can not reach the 
thermodynamic equilibrium. 
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