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PREFACE

The fast neutron physics represents a very important link in the
international scientific collaboration between laboratories in developed
and developing countries. It is almost the only nuclear physics avail-
able to poorer countries. It seemed therefore opportune to organize an
international conference reviewing a number of key problems in neutron
physics on the occasion of the third and final Research Coordination
Meeting of the participants in the IAEA Coordinated Research Programme
on Measurement and Analysis of 14 MeV Neutron Nuclear Data needed for
Fission and Fusion Reactor Technology. The conference programme has
included 11 inQited talks and 40 contributed papers on the following
topics: models for neutron reactions, data for biomedical applications,
few body studies, techniques and neutron so;rces and fast néutron
reactions. Sixty participants from 24 countries attended the conference.

It is our pleasure to acknowledge the help of all our collaborators,
the advisory committee, the invited speakers and participants in

creating the atmosphere necessary for the success of a scientific

meeting.

Zagreb, 15 July 1986 The Editors

Note: The contributions have been published as received from the
authors with no alteration.
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Chapter |

THEORETICAL MODELS FOR FAST
NEUTRON REACTIONS



RECENT DEVELOPMENTS IN THE APPLICATION OF THE STATISTICAL MULTISTEP

COMPOUND AND DIRECT THEORIES TO NEUTRON AND PROTON INDUCED REACTIONS

R. Bonetti

Istituto di Fisica Generale Applicata dell'Universita di Milano.
Milano, Italy

'

The current status of the application of the statistical multistep
compound and direct theories to reactions induced by neutron and

protons at energies between 14 and 45 MeV is reviewed.

Particular emphasis is given to recent calculations as the multiparticle
emission within the multistep compound theory and the interplay between
the multistep compound and direct processes as a function of the energy.

1. INTRODUCTION

Neutron and, more generally, nucleon beams offer an unique
tool to understand nuclear reaction mechanisms and to try to get
information on the structure of the nuclei involved. In comparison
with the now more in fashion heavy ion reactions, the relative simpli-
city of nucleon induced reactions allows one to probe nuclear properties
from a more fundamental point of view., Moreover, in testing new reaction
mechanisms, it is quite natural that one should address himself first
to the large amount df experimental data available of neutron and proton
induced reactions, before attacking more involved cases as‘complex
particles or heavy ion induced reactions.

This was indeed the path our group in Milano has followed

in the last few years in applying the statistical theories of multi-
step compound (SMC) and direct (SMD) reactions to the experimental data.
This paper will be devoted to reviewing the results obtained with SMC



and SMD in understanding the continuum spectra of {nucleon, nucleon)
reactions. Emphasis will be given to recent developments as the calcula-
tion of multiparticle emission and the interplay between SMC and SMD
emissions as a function of incident and outgoing energies.

II. GENERAL FEATURES AND APPLICATION OF THE SMC THEORY

The domain of applicability of the SMC and SMD theories (n to
experimental data can be understood by looking at this (very famous!)
typical spectrum shown below.

evaporation .
N _— multi-step compound

multi-step

direct
/ direct
7

d2o/dNdEn

En

Pig. 1. Schematic spectrum of the neutrons
emitted in a (p,n) reaction

At the high energy end, individual levels of the residual nucleus are
found. The related angular distribution is generally forward peaked
this indicating a fast,direct-like process. As the particle energy
decreses,the spectrum becomes continuum,and the angular distribution
loses its forward peaking becaming progressively simmetric to 90°
and eventually isotropic. In this energy region the interaction
time is long, and we are facing the so-called evaporation region.




The region in between, the so~called precompound region, is the one

to which the SMC and SMD theories address themselves, with the multi-
Step direct prevailing near the high energy end and the multistep
compound near the low energy one. The relative importance of the two
mechanisms can be only assessed by explicit calculations.

However, we should expect the entrmice channel to play a very important
role: this can be understood by recalling the general characteristics
of the two mechanisms. The SMC describes the long lasting, quasi
equilibrium compound-like processes, and requires that bound states be
formed at each stage of the multistep compound chain. On the other hand,
the SMD is concerned with the fast, direct like processes, and requires
that at least one particle be unbound at each stage. Therefore the SMC
process is expected to be important at relatively low incident energy,

a situation in which bound states are most probably formed.

Our calculations found that this happens generally at energies not above
14-18 MeV. Above such values, the reaction preferentially populates
unbound states and then SMD prevails. Since the bulk of neutron induced
reactions with which we are mainly concerned now is at about 14 MeV,

we expect this process to be particularly important in our discussion.
The SMC cross section is

P R MO [n— _f_i] el (1)

AU - K nst Sat n ko PA( Dy

where |, is the total width of the states in th nthstage,
o= rét,pr” and (g (P> is the width for the

states at energy between U and U+ dU to escape in the continuum.

The term 27T, /D, is the strength function for the formation of the
first doorway state. Expression (1) contains also the evaporation
contribution, the so-called r-term, this avoiding any ad~hoc addition
as one has to do with the semiclassical exciton models., It could be
useful to see that the r-term expression reduces easily to the tradi-
tional Hauser Feshbach one. Indeed

g P s :
e,,W=-r n°- T In' 2t (2)
K* T P A

substituting I with the corresponding T through relation



. ~ (c)
T=zem / p and considering that | %' n,
one has
6p o m Tl 3)
k* 2: T
where

T .ol TRt

L 3-)

5 - (4)

This expression shows that one expects the Bohr independence hypothesis
to be valid only when the depletion factor is unity,therefore only
when the emission probability from SMC states is negligible.
A crucial point in evaluating the cross section (1) is the calculation
of bothi "“and I"", The first choice one has to do is which kind of
description of the nuclear excitation process should be adopted,
A quite natural choice for nucleon induced reactions is the p-h excita-
tion. Therefore the complexity of the stages of the SMC chain will be
defined in terms of number of excitons., Further, one has to adopt a
given microscopic description of the nuclear matrix elements entering
into the definition of T“'and r‘*(” . The most simple assumptions are
the following:
i) the radial wave functions associated with interacting particles

are l-independent and constant withir{ the nuclear volume;
ii) the two-body interaction is of the zero range form

VinA) = Ve g T § (A7) (5)

iii) the state density is that given by Ericson and includes the angular

momentum dependence .
- ‘ I+/2)

-4 MNes
< e J e 6)
Cr (€,3) 2{8° 2,“ (’%T:%FET ) (

With these assumptions the radial overlap integrals, to the square of

which I“and " " are proportional, are given by quite simple analytic

expr'essions“). The first calculation. using the above assumptions

have been done on {p,n) , (n,p), (3He,p) reactions at 13-14 MeV(Z).

However, it ‘was soon clear that:

a) The strength of the residual iﬁteraction needed to fit the data was
too small (0.7 MeV instead of 25 MeV, as given by DWBA analysis).

b) The incident energy dependence of the SMC cross section was wrong,




i.e, too much cross section was predicted with increasing energy.

The reason of all these problems lies in the approximations described

~ above. We have therefore released them one by one, in successive steps.
First we took into account the fact that SMC involves only bound levels.
Therefore we explicitly introduced this condition into the level density

(3)still using the equidistant-spacing single-

which were recalculated
particle model but cutting all the energy integrations pertaining to the
excited particles at the binding energy value. The effect of this

modification is shown in Fig. 2.

30

(Mev)™

*10 . Fig. 2.

The 5-excitons (4p~-1h) level
2or density as resulting from the

correction described{dotted line},
compared with the result of the
Ericson expression (full line),

or vs. the incident JHe energy.

————

The reaction was 27A1(3He,p).

In such a way the correct incident energy dependence of the SMC cross
section was obtained, due to the fact that the ratio of the number of
bound levels to the totality of levels decreased with energy, thus
correctly describing the decreasing importance of compound-like
processes with energy. On the other hand, the V, problem was solved

by using realistic wave functions and a finite range density dependent
two-body interaction(A). Harmonic oscillator wave functions were thus
used to describe bound states, while for the continuum ones distorted
waves generated in an optical model potential were taken. This allowed
to reproduce both SMC cross section and total widths (measured by

means of a fluctuation axﬁlysis(S)) with a V, value which was close to



the DWBA one. Some examples of this fits are shown in Fig. 3.
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Fig, 3- Experimental and calculated spectra. The arrows indicate the
thresholds of some multif:le reactions,




TII. CALCULATION OF THE MULTIPARTICLE EMISSION WITH THE SMC FORMALISM

Invapplying the SMC to a group of (n,n') reactions at 14 MeV
it was clear that, while good fits were obtained at the high energy end,
some strength was missing at low energy. Indeed, since measurements were
made without explicit identification of the residual nucleus, the data
were contaminated by such processes as (n,2n) and (n,pn}. The cross
section of these reactions were calculated by an extension of the SMC
formalism, assuming that after emission of the first particle, the system
is practically equilibrated, Therefore, the second particle emission
will take place only from the residual equilibrium r-stage.
This is justified by calculation of the level density as a function of
the nuclear complexity (number of excitons). According to the saturation
(1) set in the SMC theory, the r-stage should contain those
configurations whose level density ¢n does not exhibit the dramatic

condition

increase with n characteristic of the preequilibrium phase. This
condition is quantitatively expressed as

?md <k gm , K ~ AD

In the case of the 59Co(n,n') reaction at 14 MeV, the above condition
leads as a conclusion that the first three steps should belong to the
preequilibrium phase, while the terms with n>7 should be all included
in the evaporation r-term, However, after the first particle has been
emitted and has carried away at least 8 MeV, the excitation energy left
is so low that equilibrium is reached with a very small number of
excitons. This implies that any two particle preequilibrium emission is
negligible at this energy. The formulae used were a generalization

" of the SMC cross section (eq. 1) , were the r-stage branching ratio
describing the two particle emission probability is given by

T,
+ 15
r‘n, < r_’:J (U) Qs (U) > : (n
2. n,*t 2 n=E
3 v [ v
where the first particle escape widths "T are obtained integrating

T .
the (I"(v) ¢(v)>functions over the energy intervals available by energy



conservation. For simplicity, the sum over the particle channels i
is limited to neutron and protons.

The result of the two-particle contributions (6) is shown in Figs. 4
and 5(dotted lines).

Their importance in reproducing the low energy part of the spectrum,
whare two particle emission is energetically possible, is evident.

T T Ca g T T T

p snC (nrleln 2r)ein pr, - SM (N rle(n2njeinpn;

e (n o AL

= 150°

Mev ")
st

w(

Oifterenhial cross section (mb e

Neutron energy { MeV)

Fig. 4- Energy spectra of neutrons emitted at 30° and 150° from 59Co
at an incident neutron energy of 14 MeV. The curves labelled
with the value of N show the contributions of N-step processes
and the broken and dotted curves show those due to the residual
r-stage processes for the (n,n') and the (n,2n)+ {n, pn) reactlons
respectively. The full curve gives the sum of these processes,
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Fig, 5- Same as Fig. &4 for
9Co(n,p) reaction,
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IV. THE INTERPLAY BETWEEN SMC AND SMD AT DIFFERENT ENERGIES

The work at relatively low incident energy (about 14 MeV).
has shown that SMC is able to reproduce data by itself. Indeed,
empirical evaluation of the direct (or multistep direct) component at
this energy by extraction of the anisotropic part of the angular
distributions leads to conclude that such component is as high as
10% of the total cross section., At higher energies, the situation
of course might change drastically due to the incrasing probability
that unbound states are populated, If the energy is therefore high
enough, a situation will be reached in which on the other hand the cross
section would be almost entirely given by SMD. To be more explicit,
let us look at a case which was particularly studied, themSn(p,n)
reaction. At 45 MeV the angular distributiors of the continuum are
extremely forward peaked. Therefore it is expected that SMD should
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dominate. Indeed, a calculation using the expression

ﬂ“ie:- = Z Z d"“'t ‘../d’_k__." [d'wmv (“fﬂtv)_}... 'LWL,i (Vz,&)_]—_—(_—d’i'"‘: ki) (8)

dvan ¥ " JGT? ) Avydgg AU AR, Av, A,
where

AWpniz 2T Q) (V) |- /°

e * " n-t (9)
and where ) "

de - 5 iri) R (L) &[v)<,£‘,_b_ ) (10)

dvan € Ao

was able tc fit quite well both angular distributions and neutron
spectra (Fig. 6).

This calculation was done by assuming that the matrix elements in Eq.
(9) were DWBA ones, <7,,,— Vo, n-r XL T, >.

It was pointed out by:M, Kawai that due t6 the biorthogonality of the
distorted waves, one should use the expression < A{(,: Vi, n=1 p.e :,. >
instead., We therefore repeated the calculations with the above
expression (related to the previous one .by the inverse of the elastic
scattering matrix S) . By using this choice, an unsatisf‘actor'y fit

was obtained, However, Feshbach has recently shown (M that the need
for energy averaging of the distorted waved brings the latter expression
in the DWBA form, thus justifying the first calculations.

To proceed in our discussion, it would be interesting to see what
happens in "intermediate" energy cases, therefore at energies
14{E{45 ., It is expected that in this energy interval both SMC and
D contribute. We therefore choose the Sn(p,n) reaction now at 25 MeV,
The calculations have been done for the two mechanims with the same
parameters: Becchetti-Greenlees O.M, potential for the distorted waves,
1-fim Yukawa interaction for the two-body residual interaction with

Vo= 25 MeV; in addition, the bound states in SMC were calculated with
an Harmonic oscillator potential and only bound levels were considered,
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Fig. 6. Results of the SMD

U=20 MeV

calculations on the
120Sn(p,n) reactions
at 45 MeV, The full
line represents the sum

of the different terms.




consistently with the basic assumption of SMC as discussed in Section
II. This point is quite an important one. It was found that by using
the traditional Ericson level density the quantity Z, (271 %/p,)e2+))
was about 3-4 times its theoretically expected upper limit given by

Z‘ﬂ/2£+1)

, while by cutting the level density at the binding

energy value the above quantity reduced to 10-20% of its upper limit,
This correctly describes the well known decreasing importance of

equilibrium and quasi-equilibrium processes with increasing incident

energy. The results are shown in Fig. 7.
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Fig. 7- Résults of the SMC+3MD calculations on the

Y08 (p.n) Ep-28 Mev

sSUM
————8MDE.
——GMCE

12OSn(p,n) at 25 MeV,
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The SMD process dominates in the angular distributions at low excitation
energy and in the high energy part of the spectrum, The SMC, including
the evaporation term,is important at backward angles and at lower
neutron energies.

The same features are present in recent calculations on a series of
(p,n) reactions on Mo iéotopes(s). In the case of 100Mo(p,n) ( Figs.8
and 9) it is clear that in the intermediate part of the energy spectrum
SMC and SMD contribute with comparable yield and must be both taken into
account in order to fit the data, whereas at the high energy end (see
the angular distribution) SMD alone is almost able by itself to explain
the experimental cross section. This result quantitatively supports

the qualitative features anticipated in Fig. 1. It seems now that these
theories could be used with confidence to calculate more complicated
reactions. Work on (p,et) and on light heavy-ion induced reactions is

in progress. ,
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Fig. 8~ Results of the SMC (dot-dashed line) and SMD (dashed line)
calculations on the 100Mo(p,n) reactien., The full line is
the sum of the two processes.
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MODEL CALCULATIONS OF FAST NEUTRON
NONELASTIC CROSS SECTIONS

Andrzej Marcinkowski
.Institute for Nuclear Studies
Hoza 69, 00-681 Warsaw, Poland

The semi-clamasical hybrid model and the
quantum mechanical theories of pre-compound
processes are used along with the Hauser-
Peshbach theory to analyse the energy and
angular distributions as well as the exci-
tation curves for fast neutron induced
reactions on target nuclei in the vicinity
of A=100. The theory provides a fairly good
understanding of the measured neutron cross
sections.

1. IRTRODUCTION

Quite recently an international effort has been under-
taken to compare statistical nuclear reaction models and
codes that calculate reaction cross géctions, emission spec-
tre and angular distributions with account for both the eva-
poration from the compound nucleus and for the pre-compound
emission. These models and codes are widely used in nuclear
data evaluations and in analyses of neutron induced reac~
tione at energies from 0.5 MeV to 30 MeV. These limits ex-
clude the resonance region on the low energy side, were the
R-matrix theory finds application for description of the
individual states of the compound nucleus, and the high
energy region where the many‘open reaction channels make the
calculations time consuming or even render consideration of
individual channele impoesible. The energies up to 30 MeV
are of particular interest for tesiing nuclear modele be-
cause the reaction mechanism changes in this range. Usually
the interaction appears predominantly compound Just above

o
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the reaction threshold and changes with increasing energy
to oredominantly pre-compound or semi-direct and direct.

The compound nucleus cross sections are prescribed
by the Hauser-Feshbach ( H-F) theory, which accounts for
angular momentum conservation and allows the cross sec-
tions for population of discrete excited levels of the
product nucleus to be calculated. Codes, which use the
H~F formalism and have contributed to the intercomparison
exercise are listed in table 1.

Table 1. Contributions to model and code comparison

Code name Contributor/Laboratory+ Reference
STAPRE S. Wilboolsak, B. Strohmaier 2
M. Unl / IRK
GNASH P.G. Young / IAS ' 3
K. Shibata / JAE
HAUSER-V S.B. Garg, A. Sinha / TRM 4
PERRINI H. Cruppelaar, 5
H.A.J. Van der Kamp / ECN
NG C.Y. Pu / ORL 6
FMPIRE M. Herman / IRJ 7

- apem D - s - - - . W .

+ cINDA convention

These codes (claaeified according to ref.1) ag class A
codes) are applicable over wide energy range but are also
time consuming and require large computer memory. Some of
them calculate the angular distributions (TNG and an auxi-
liary of GNASH). All but one use the exciton model with
internal transition rates from refs.®*?) for calculation
of the pre-compound emission. EMPIRE uses the angular
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momentum and geometry dependent hybrid model GDH 7), with
the intrg-huclear transition rates calculated ortionally
from the imaginary optical potential’C). In TNG, PERINNI
and EMPIRE the pre-compound emission affects the spin po-
rulation of final states by éssuming an exciton number
devendent spin cut-off parameter11). Additional refinements
of the particle-hole state density, like pairing correc-
tions13) or yrast states for the exciton configurations12)
are included ocasionally. Kot all of these codes calculate
the pre-compound contributions to discrete final levels
and the composite-particle emission, e.g. alpha emission
ie treated within the exciton models but not in the hybrid
model. Inverse reaction cross sections are used in the
pre-compound emission rates except for the last three co-
des in table 1. Most codes provide particle-product spec-
tra and the nonelastic reaction cross sections. Multi-par-
ticle emission and ¥-ray production cross sections are
also available.

The overall results of the computations are quite
consistent for the neutron scattering reactions (n,n’) and
(n,2n), though deviations exist between different calcula-
tions and/or experiment at the low and the high energy ends
of the neutron svectra (see-fig. 1). These deviations are
related to energy grid size, pairing energy shifts, geo-
metry effects and effecta due to excitation of individual
excited levels. The GDH model seems to describe better the
high energy tail of the spectra, which contain considerable
amount of collective excitations.

For the much smaller (n,p) and (n,%) cross sections
large deviations were established. In this case there is
no significant difference between the results of the more
sophisticated and time consuming codes and those using the
Weisakopf-Ewing theory and/or the master equation or some
simpler formulations of the exciton model. More details
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of the comparison are given in the final report').

All the codes considered here are narticularly sui-
table for complete data evaluations like the one shown in
fig. 2 for the neutron induced reactions on 92Mo. The re-
quirement that many different reaction channels are fitted
simultaneously imposes much higher constraints on the na-
rameirisation of the models involved. Such complete analy-
ses can be carried out or depending on whether the objec-
tive is to obtain a good fit to a choosen data set, or
whether it ie to describe a wide-range of data with the
least number of parameters. The latter method is often
used in neutron data evaluation, though it usually fails
in providing adequate details like e.g. cromss sections
*for sequences of isotopes of a particular element.

The aim of the present paper is to describe a pos-
8ibly complete analysis of neutron induced reactions on
nuclei, which are supposed to be constituents of struc-
tural materials for fusion reactors and therefore gained
the interest of the IAEA Project on Measurements and Ana-
lysis of 14 MeV Neutron Nuclear Data. The studied target
nuclei were isotopes of molybdenum, zirconium and niobium,
all lying close to the atomic mass A=100. For completeness
neutron capture and inelastic scattering at low incident
energies on 114Cd and 11sIn are also discussed. All the
calculations have been performed with use of the EMPIRE
code7).

2. COMPOUND NUCLEUS ARD PRE—COMPOUﬁD CALCULATIONS

The main task in performing the calculations is a
consistent parametrisation of (1) the optical model po~
tentials, which provide the penetrability coefficients,
(11) the 1level densities and (1i1) the radiative
strenth functions.

The partial wave penetrabilities were calculated
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using both global and individually fitted potentials for
reutrons, protons and alphas. The latter ones were used
after it was found thatthe global potentials do not pre-
gcribte satisfactorily the cross sections for the zirconium
isotopes used as targets. The global potentials applied
were those of Moldauer1‘) for neutrons, BjSrklund et 81.1%
for neutrons and protons, and of Mc Fadden and Satchler’s)
for alvha particles. When preference has been given to
optical votentials, which have been determined systemati-
cally over a small rahge of nuclei near A=100, the one
revorted by Lagrange17) for neutrons, by Johnsaon18) for
vrotons and by Park et q1.19) for alphas have been choosen
in accordance with the exteneive evaluation of ref.ao).

The compound nucleus calculations were conducted
according to the H-F theory. For the loweat neutron ener-
gles where only few particle-emibsion channels are open
the width fluctuations affect particularly the capture
crogs sections. Thie effect was msccounted for by applying
the formalism developed by Tepel et 31.21) with the elas-
tic enhancement factor taken from ref.22). The width fluc-
tuation correction lowers the capture cross section below
the inelastic scattering threshold and enhances it above
the threshold by up to 30%. By such a smoothing of the
calculated excitation curve the width fluctuations bring
the theory into a better agreement with experiment23).

Por heavy targets where many inelastic chammels are open

this effect is negligible. In fig. 3 it is shown that the
H-F theory describes the radiative, weak channels fairly

well up to 5-6 MeV incident neutron energy24). .

The individual final states after scattering of low
energy neutrons may be resolved experimentally and compa-
red with the preascription of the theory. This method has
been used often for the identification of spins of the
low lying excited states in the target nucleuses).
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At higher excitation energies where the separate le-
vels merge into a continuum of states the four narameter
level density formula oropoaed by Cameron and “ilbert )
was used to describe the level spectrum. The varameters
systematized by Reff027have been adopted. The radiative
strength function was assumed to be a superposition of the
Weisskopf single-particle strength and giant dipole reso-
nance.

The pre-compound emission was calculated using the

GDH model, as described in ref. 7) ‘with the particle-hole
state densities obtained by Williams ) and the intra-nuc-
lear transition rates calculated from the imaginary opti-
cal potential.

The results of calculations are displayed in figs. 4
and 5, in which the proton spectrum from the 245 + n
reaction at 14.7 MeV and the excitation function for the
92Mo(n.p)92mY reaction are compared with experimental re-
sults. The untypically high cross sections for the
92y0(n,np) 'Y reaction (see fig. 1) were confirmed by the
analysis of the proton spectrum measured by Haight et 31.28).
The agreement between theory and experiment is rather good
and the contributions of the compound nucleus and of the
pre-compound emission derived from the analysis of the pro-
ton spectrum and from the analysis of the excitation curve
are consistent. The compound nucleus mechanism at incident
neutron energies up to 14-15 MeV. For the heavier molybde-
mum isotopes the excitation curves do not show the broad
maximum typical for the decay of compound nucleus, instead
the cross sections increase monotonically with energy rea-
ching much lower values, at saturation, in agreement with
axperiment29). In caase of the 92Mo(n.d)892r reaction the
analyses of the emission spectrum and of the excitation
curve gives contradictory results. The compound nucleus
decay fails to describe the shape of emitted alpha-particle
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spectrum2% whilst providing accidentally a quite satisfac-
tory excitation curvegg).

Similar calculations were conducted for the (n,p)
reaction on zirconium isotopes using global optical poten-
tials. For the lightest target qoZr the theory reproduces
the experimental proton spectrum and the excitation curve
fairly well, figs. 6 and 7. In contrary for the remaining
isctopes significant discrepancies are dbserved, which may
be due to the failure of the global potentials in descri-
bing the isotopic behaviour. Abnormal behaviour of the igo-
spin “erm in the optical potential for Zr‘isotopes has been
already indicated by HodgsonBO). '

3. STATISTICAL MULTI-STEP COMPCUND AND MULTI~STEP
DIRECT CALCULATIONS OF PRE-COMPOUND REACTIONS

The statistical theory of Feshbach, Kerman and
Koonin 1) ( FKK) introduces two parallel reaction types to
account for rre-compound emission. The first, referred to
as the statistical multi-step compound (MSC) reaction,
describes the flow of the flux through a series of door-
way states of increasing complexity, each of them contai-
ning only bound nucleons. After numerous successful cale
culations, implementing the MSC theory,‘conducted by the
¥ilan-Naple group32'40) quite recently the formulation of
gome basic quantities entering the model calculations have
been derived, i. e. the X-functions, which are the weigh-
ting factors in the emission and damping widths, due to
angular mouentum ccnservation, have been generalized for
the case of spin 1/2 particles>’) and analytical formulae
for the rarticle-hole states densities (having all partic-~
lea btound) were reported34'35). Simultaneocusly the related
Y-functions, which are the densities of states available
in the d4ifferent intra-nuclear traneitiong modes were
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derived?5+36), These modifications facilitate the calcula-
tione to a large extent, thus providing an easily avail-
able theoretical tool. The application of this model has
been extended to another area,where one may exnect the
¥SC reactiona to contribute significantly to the vre-com-
pound emission, namely to the (n,2n) reaction, which in-
volves the soft part of the neutron emission spectrum and
therefore should not be affected toAgreater extent by sim-
pler proceeeés. e.z. by the statistical multi-step direct
(MSD) reactions. The latter process, which involves a
chain of states with at least one particle in the continu-
un, has been 1ntrodﬁced by FKK in order to account for the
forward-peaked pdrtion of the angular distributions obser-
ved. The MSC calculations have been incorporated into the
EMPIRE code and the results for the 2 Nb(n,2n) %?Nb and
93Kb(n,p)932r reactions as well as for some heavy targets
appeared very encouraginng). These calculations have been
done with the radial overlap 1ntegrals evaluated by assu-
ming conatant wavefunctions inside the nucleus for the four
single-particle orbitals involved in an intranuclear two- .
body interaction. Similar method has been used for calcula-
tion of double-differential cross sections for the 93Nb +
n reaction st 14 MeV by Field et 31.37). It has been shown
that at lower energies where few open channels contribute
it ie possible to determine the effective interaction
strength Vo directly by normalizing the sum of the crosg
gections in all channels to the total reaction cross sec-
tion given by the optical model. Here the equilibrium cop-
ponent was evaluated within the SMC theory as its last
step'(the 8o called r—stage). In the light of the realis-
tic calculations performed by Bonetti and Colomb039) the
constant wavefuctions approximation seema to be crude but
8till providing satisfactory resultaBJ).

Wavefunctions generated in a3 harmonic oscillator po -
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tential have been used also by Stankiewicz4°). Energy con-
servation has been taken into account whilst angular momen-
tum effects were averaged out in preliminary calculation.
The result is not yet satisfactory as one may see in fig.
8. Computations, which accept only angular momentum conser-
ving transitions are in progress. In all our calculations
the compound nucleus component is evaluated according to
the H-F theory. This way seems to be superior becauae‘of
the much better varametrisation of the H-F calculations.

The Milan-Naple group has also made the calculations
implementing the MSD theory of FKK32+4'). another treat-
ment as multi-step direct reactions in distorted-wave Born
approximation has been develoned by Tamura et al. 42)
Despite of a controversy in the calculation of the matrix
elements of the residual interaction both theories provi-
ded numerous crose sections in rather good agreement with
experimental data for {(p,p’),(p.n).(n,p),(n,n") and (p,)

reactionn41'44). These analyses indicate that the
multi-gstep processes grow in importance with respect to
the single-step one with increasing projectile energy, as
well as with increasing emission angle and residual exci-
tation energy. Practically up to about 25 MeV incident
energy the single-step process is sufficient to describe
the measured forward-backward assymetry.

On the other hand some difficulties met in interpre-
ting experimental data have heen reported recently.
Traxler et 51.45) present: an analysis of double-diffe-
rential cross sectiona for the 93Nb(n,p)93Zr reaction at
14 MeV based on the use of the ORION-TRISTAR-1 code?®).
The single-step calculations reproduced well the shape
of the angular distributions of protons but the absolute
croes sections for excitation of states lying well in the
continuum appeared by far too small. A similar result hae
been obtained by the suthor, who applied the model calcu-
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lations described by Bonetti et al.4ﬂ) to the description
r-3

of ansular distributions of neutrons scattered inelasti-
=3
cally on 27Al and 1“4W at incident neutron energiee 11.5

¥eV and 26.0 ¥eV. The single-step direct calculations
save cross gections by one order of magnitude too low.
Accounting for any symmetriec or isotropic contributione
cer not remove the large discrenancy between theory and
exreriment. It has been found that the so called tyrical
transitions, which do not involve spin-fiip and/or tran-
sitions between orbitals with different main quantum num-
vers, provide similar angular distributions, whereas the
remaining ones give rise to angular distributions, which
ray differ dramatically in both the shape and the abso~
tute values of the cross sections. In these calculations
the zero-spin transfer was assumed and the strength of
the 1 fm range Yukawa effective interaction was set
Vo=25 ¥eV.

4. CORCLUSIONS

The available optical notentials and parametrisations
nf level densities make possible the calculations of fast
neutron e¢rces sections with fair accuracy. The shavpes of
the srectra of emitted nucleons are well renroduced by
surverrosition of the compound nucleus and pre-compound
emiseion contributions, as calculated from the H-F theory
and e.g. the GDH model. The description of isotopic ef-
fects in cross gections requires anprorriate non-global
optical rotentials. Realistic quantum-mechanical calcu-
lations allow of the experimental forward-backward asym-
metry of the angular distributions. '
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tons, which are mainly due to the (n,np)
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Pig. 6 The same as in fig, 4 but for the 0zp4n
reaction. '
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ISOTOPIC EFFECTS IN NEUTRON INDUCED REACTIONS
*
AND PREEQUILIBRIUM PARTICLE EMISSION

Roman Caplar
Rudjer Bo3kovi¢ Institute, P.0.B.1016,41l001 Zagreb
YUGOSLAVIA

The recent results showing the importance of
preequilibrium particle emission for a proper
description of isotopic effects in fast neutron
induced reactions are presented.The reaction Q-
value is identified as a relevant physical quan-
tity responsible for the observed(n,p) isotopic
trends both for lighter and heavier nuclei,The
analysis of isotopic effects as well as the syste-
matic analysis of neutron induced reactions on

a number of nuclei (A=45-209) show that the prin-
cipal transition rate in the preequilibrium ex-
citon-model calculations X+ does not exhibit
structure effects.

1. INTRODUCTION

The systematic dependence of various (n,particle(s))
cross sections on the neutron number of isotopes(isotopic
effects) in reactions induced by fast neutrons was noticed
in the early days of nuclear physics and has since repre-
sented a challenging and fruitful field of investigation.
This long-standine interest in isotopic effects can be
explained on the ground of importance of these effects
from both scientific and practical point of view. On the
scientific side, the investigation of isotopic effects
allows a very stringent test of model predictions, owing
to the systematic and, sometimes, large changes of input
parameter values across the valley of stability, as com-
pared with the usual investigations on high-abundance

" -
supported in part by the IAEA, Vienna.



isotopes along the valley of stability. On the practical
side, the complete undérstanding of isotopic effects allows
us to obtain reliable cross sections which are otherwise
difficult to measure or even inaccessible to the measurement.
1’2)on the subject tried to establish
phenomenological and/or semiphenomenological formulas in
order to describe the observed isotopic trends. The semi-
empirical approaches were of course based on the statisti-

Pioneering papers

cal evaporation mode132 However, more precise measurements
with modern experimental techniques4) yielded data(including
low{~ 1 mb) cross sections on a number of low-abundance
isotopes) which showed that the statistical evaporation
model alone is not able to describe isotopic effects all
oyer the periodic table. Subsequent work5—7) clearly show-
ed that the introduction of preequilibrium particle emission
is necessary in order to describe the observed systematic
trends. This fact is of course most readily recognized in
the reactions where the Coulomb barrier suppresses the eva-
poration contribution.

Let me conclude this introduction with a notice that
in this talk I am going to concentrate on the recent achiev-
ments in our understanding of the isotopic effects due to
the inclusion of preequilibrium particle emission in the
description of fast neutron induced reactions, rather than
to give a complete overview and collection of formulas for
calculating the cross sections themselves. Also, I will not
‘discuss the isotopic trends in the cases where the evaporation
mechanism is a dominant one as there has been a number of

excellent papers and conference talks on the subjectaz

)

2. ISOTO?IC EFFECTS IN (n,p) REACTION CROSS SECTIONS

In this work I am going to pay special attention to the
isotopic effects in (n,p) reactions. There are several rea-
sons for it:
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(i)the (n,p) cross sections show clear isotopic effects
all over the periodic table. The (n,p) cross sections for a gi-
ven element generally decrease with the increasing neutron
number of an isotope. Also, variations connected with the

character of residual nucleus (odd-odd or odd-even) are observ-=
ed.

(ii)the (n,p) reaction has s simple outgoing channel
(one nucleon) and no complications connected with the descrip-
tion of cluster emission do appear.

(iii)the (n,p) reaction mechanism, due to the increase
of the Coulomb barrier, changes from evaporation to preequi-
librium emission going from light to heavy targets. This
offers us a good opportunity to investigate similarities and
differences in the (n,p) isotopic trends connected with

reaction mechanism.

Aécording to the height of the Coulomb barrier and the
associate reaction mechanism three different regions of tar-
gets can be roughly defined: (i) light targets, (ii) heavy
targets and (iii)intermediate region of medium-heavy targets
where contributions both from evaporation and preequilibrium
emission are of importance. Early papers on the isotopic ef-
fects were concerned with larger(n,p) cross sections measured
on light targets. A number of empirical and semiempirical
formulas for estimating these cross sections were proposed
They proved to be successful in predicting the absolute cross

sections and in describing the isotopic effects on these ele-
ments.

1,2%

During the last decade the development of experimental
. techniques. and methods has led to a more reliable experimen-
tal values of rather small(n,p) cross sections including, in
some cases, data on a whole series of isotopes of heavy ele-
ments. These data show qualitative similarity in decreasing
cross section with increasing mass number of an isotope but
with a markedly less steep slope than for lighter nuclei. This
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Fig.l : Comparison of experimental data on W isotopes
with the predictions of the evaporation (multi-
plied by 100) and preequilibrium exciton models.
The preequilibrium calculations were performed
using a smoothly varying level-density parameter
ala = A/8) and the same value K = 400 MeV3 for

fit
all the isotopes. The lines in the Figure are to

guide the eye.

= 500 MeV3

Fig.2 : The same as Fig. 1, for Te isotopes; Kfit .
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is illustrated in Fig.l in the case of tungsten(W), where
experimental (n,p) cross sections on five isotopes measured
by Qair’s groupg)are corpared with calculations. The evapo-
ration calculations{marked with +,dotted line is to guide
the eye) predict cross sections which are orders of magni-
tude smaller than the experimental values. Furthermore, the
evaporation calculations predict far too steep slope of the
mass dependence of (n,p) cross sections on different isoto-
pes. On the other hand,the preequilibrium calculations(mark-
ed with x, solid line is to guide the eye) reproduce very
well the observed isotopic dependence. Before discussing
in detail the preequilibrium calculations and the input
parameters used, let us show the data for the medium-heavy
Te isotopes(Fig.2). Now, evaporation contributions are not
so much off in absolute value as in W case (lower Coulomb
barrier for Te) especially for neutron-deficient isotopes
(122Te, 124Te) but once more the evaporation calculations
do not predict the isotopic dependence correctly. The pfe-
equilibrium emission(with addition of evaporation contri-
bution) once again reproduces measured isotopic trend very
nicely.

It should be pointed out here, that the balance of
the evaporation and preequilibrium contributions is, in
addition to the target - charge and neutron number, also
dependent on the incoming energy. This energy dependence

was investigated on a series of Mo isotopes in the recent
work of Marcinkowski et al.lo)

3. ISOTOPIC EFFECTS AND RELEVANT PHYSICAL QUANTITIES
3.1. Preequilibrium Emission and Model

In preceding sections, the important role of preequili-
brium emigssion in describing properly isotopic effects in
fast neutron induced reactions has been clearly demonstrated.
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It has been shown that, depending on the reaction channel
and incoming enerqgy, the preequilibrium emission can re-
present a dominant part of the cross section (as for
example in (n,p) reaction on heavier targets at 14 MeV). Let
us now discuss physical quantities responsible for the ob-
served isotopic effects in the cases where preequilibrium
emission prevails. Although, nowadays, more elaborate ap-
proaches exist to calculate preequilibrium emission as re-
viewed by Bonettill), we will use here for the discussion
purpose, the closed form of exciton model due to its
physical transparency and simplicity. The details of the
model are given elsewhere, hereby only the formulas of
direct significance for our discussion are quoted.

The closed-form exciton model cross section is given
by '

EBmax n ‘

o(a,B) = o gla,E ) ) W, (n,E,e,) T(n,E) (1)

where oCS(a,Ei) is the cross section for the formation
of the composite system, ws(n,E,eB) is the emission rate
and T(n,E) is the time the system spends in an n-exciton
state. The emission rate wB(n'E’EB) of particles g with
energy €g and reduced mass Mg from an n-exciton state
(p, particles; h, holes) is given by

258 + 1 mEP(P"PB ,h,0)
= :5;3——— ug €5 9g (EB)QB(P)

Wa(n'E,EB) - (2)

woF (p,h,E)
where wEP are Ericson state densities corrected for Pauli
principle, E and U are the excitation energies of composite
and residual nuclei, respectively, and oB(eB) is the cross
section for the inverse process. The factor QB(p) which
contains the proton-neutron distinguishability makes it pos-
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sible to use one-Fermion-type density of exciton states.

Ar approximate expression for T(n,E) reads as follows

i=n-2

n
i=ng

T(n,E) = t(n,E) A, (1,E) 1 (1,E) +1(n,E)8 (3)

n
(o}

Ai=+2

1{(n,E) being the mean lifetime of an n-exciton state. The
transiticn rates A, are proportional to the averaged
squared matrix element which is expected to behave approxi-

mately as

M2 =k -a E (4)

3.2, 0Q-value Effect

On the basis of the preequilibrium calculations per-
forrmed and the formulas given above it is stratghtforward
to identify the (n,p) reaction Q-value as the principal
physical quantity responsihle for the observed isotopic
behaviour for heavier targets. Namely, for a given iso-
topic chain, the Coulomb barrier and the cross section for
the formation of the composite system change only slightly.
The level-density parameter was assumed to vary smoothly
(ve will later on discuss the choice a = aGclz)) and the
parameter K defining the transition matrix element was
kept constant in the calculations shown in Figs. 1 and 2.
The neutron-proton composition of the target isotope is
taken 1into account via the neutron-proton distinguishabi-
lity factor Qg(p) of the composite system. On the other
hand, the g-value for (n,p) reaction varies systematically
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for isotopes of a given element when fhe neutron number
is increased by two. This is illustrated in Fig. 3 for
the Te and W isotopes. The calculations show, and this
can be gualitatively understood from Eq. 1 that the
systematic variations of the Q-value are responsible for
the observed isotopic trends (odd-even effects are
discussed. in Refs. 7 and 14). Namely, the total cross
section for the emission of the first proton is calculat-
ed by integrating the proton spectrum up to the maximum
proton energy given by € gmax = E; + an and thus depends
strongly and systematically on the Q-value.

The identification of the Q-value as the principal
quantity which govers the preequilibrium isotopic trends
presents the basis of the practical method for extra-
polating the cross sections to energy domains where the
measurements were not perférmed.13) From Eq. 1 it follows
that for the two isotopes of the same heavy element the
relation

Ipp B3 ()
[ %np By ]Z,A' - [ Snp (Ep)

np 12,A

(5)

should be valid. In the above equation, anp(E) is the (n,p)
cross section at energy E on the isotope (Z,A). The energies
are connected by El 2 = E1 2 + AQ p’ where AQ np is the dif-
ference between the Q-values for the two isotopes. Thus, by
measuring three cross sections experimentally, one can cal-
culate the fourth one and determine °np for one of two
nuclei in the eventually inaccessible domain of neutron ener-
gy. The application of Eq. 5, i.e. using the ratios of the
cross sections improves the reliability of the extrapolation
as compared with the simple one cnp(E+Aan,Z,A')=onp(E,Z,A).
This is due to the presence of other effects (dependence of
the state densities W(p,h,U) and W(p,h,E) on the Q-value and
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the neutron separation energy, respectively, in addition
to the dominant (Q-value) effect.

3.3. Structure Effects

The systematic variation of the (n,p) cross section
over a given isotopic chain of heavy element represents a
sensitive test for determing the parameters of the pre-
equilibrium model. I will illustrate it on the example of
the choice of the level-density parameter a(a = A/8
structure independent and a = asclz) structure dependent).
In Fig.4 the calculations using these two choices of level-
density parameter and the same value of K for all Te iso-
topes are compared with the data. While the calculations

with a = g and K = 500 Mev> fit the data correctly, the

calculations with a = 2ge and K = 500 MeV3 can not re-
produce the observed isotopic trend at all. The preequi-
librium cross sections are in the first approximation in-
versely proportional to the dominant transition rate which
in turn is proportional (at given energy) to the product
of the level-density parameter a and K.Thus,the comparison
with experimental data shows (for details see Ref. 7) that
only calculations performed with structure-independent
transition rate not depending on a specific isotope(nuclei
across the valley of stability) are able to reproduce
the observed isotopic effect. The same conclusion, i.e.
that structure-independent transition rate i, should be
used in the preequilibrium calculations, was drawn from

6)

our systematic analysis of neutron induced reactions

(n,nﬁ, (n,p),(n,2n), (n,3n) on a number of targets (4SSc,
55Mn, 56Fe, 59C 93Nb, 89Y lo3 169 175Lu, lBlTa,

' Rh, Tm,
Lg?Au, 20981) along the valley of stability.

14
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The dependence of the level-density parameters
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3.4. Isotopic Effects and Angular Distributions

The data discussed so far comprised the total cross
sections. Recently, the angular distrihutions of the pre-
equiiibrium particles on a series of isotopes were measur-
ed by Scobel and his collaboratorsl42 The results of these
detailed and precise measurements of the (p,n) reaction
on the series of Mo isotopes at Ep = 25.6 MeV are summariz-

ed in Fig.5.

1 ¥ T T T T T

8L-100Mo (p,n)

Ep = 25.6 MeV

e 2

E } b }
5ot —i——*——i—— |

= — - &
94 95 95 97 98 100

Target mass number A

Fig.5 : Reduced coefficients ai/ao of Legendre-polynomial
fit (Eg.6) of the preequilibrium angular distribu-

" tions of the (p,n) reaction (E, = 25.6 MeV, E =
17.25 MeV) on a series of Mo isotopes. From Ref.l4,
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In this Figure the coefficients of the Legendre-polyno-
mial fit of the differential cross sections

a? i

- . max 4 (e.,A) « P ;

dnd, z wiEyr i (cos 6 ) (6)
n i=o

are plotted as a function of the mass number of the
target-isotope. From Fig.5 it is obvious that the angu-
lar distributions of preequilibrium particles are in-
dependent of the detailed structure of the isotope.
This independence of the angular distributions on the
mass number of an isotope renders additional confiden-
ce in the interpretation of the total(nucleon,nucleon)
preequilibrium cross sections on a series of isotopes
in terms of simple physical parameters.

4., SUMMARY AND CONCLUSIONS

This talk was devoted to the studies of isotopic
effects in fast neutron induced reactions. The studi-
es of isotopic effects (parameters change across the
valley of stability) are complementary to the investi-
gations of global systematics on nuclei along the val-
ley of stability and thus add a valuable information to
our understanding of the relevant physical processes
and quantities.

Particular attention has been paid to the recent
results on the role of preequilibrium emission mechanism
in describing isotopic dependence of (n,p) cross sec—
tions on heavier targets. It has been shown that the

isotopic trend of the (n,p) cross sections on heavier
nuclei (preequilibrium emission is dominant), 1is caused




be the systematic variation of neutron and proton separa-
tion energies, i.e. the reaction Q-value. Thus, the same
physical quantity (Q-value) determines the observed (n,p)
isotopic trend over the whole periodic table, regardless
of the fact that, in going from lighter to heavier nuclei,
the reaction mechanism changes from evaporation to pre-
equilibrium.

Furthermore, it has been demonstrated how isotopic
effects can be used to select relevant parameters of the
preequilibrium model. The main result here, which came
out from analyzing (n,p) isotopic trends on heavy nuclei
is that the dominant transition rate in preequilibrium
calculations 2 + does not exhibit structure effects, i.e.
does not depend on the detailed structure of an isotope.
This conclusion, i.e. that 2 + does not exhibit structure
effect, is in agreement with another our results obtain-
ed from the global analysis of neutron induced reactions
on a number of nuclei ranging from 45Sc to 20981.

Let me conclude with a remark that the recent results
(based on the inclusion of preequilibrium emission) show
that isotopic trends in fast neutron induced reactions can
be generally understood in the framework of existing nucle-
ar reaction models and on the basis of the systematics of
nuclear binding energies.
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MODELS FOR RADIATIVE NEUTRON CAPTURE
IN NMUCLEAR GIANT RESONANCE REGION
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Abstract

Macroscopic and microscopic semidirect models for
radiative neutron capture in the nuclear giant resonance
region are briefly presented, discussed and compared.

1. LNTRODUCTION

In the region of the nuclear giant resonance the cross section
for radiative neutron capture is a few orders of magnitude lower than
the cross section of most other neutron induced reactions, at least
for lighter nuclei. Yet radiative capture 1is a very attractive
reaction for study since it provides an ideal ground for learning in
detail the dynamic interplay between the collective and single
particle modes of nuclear motion. This knowledge is needed to fully
understand the dynamics of many other neutron induced reactions,

The uniqueness of radiative capture stems from the beneficial
properties of the electromagnetic interaction responsible for the
reaction. This interaction is weak, and therefore the cross section
can be calculated with sufficient accuracy within the first - order
perturbation theory. It is also very selective; i.e. it excites only
a few specific types of nucleon motion. And finally, it is well
known. It is due to these properties that from the matrix elements
obtained from the experimental data, we can rather directly (using a
model) study the components of the nuclear wave function in the

continuum, reflecting the interplay of the fundamental modes of
nuclear motion mentioned above.
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<. ReLATIUN OF THE EXPERIMENTAL DATA TO THEORETICAL QUANTITIES

"Trne ouilding biock" of each observed quantity in a radiative
capture experiment is the differential cross section corresponding to
the transition from tne initial state ll> in which assymptotically
the 1incoming neutron nhas the momentum E‘,. and the spin orientation 3
ana tne target nucleus is in the ground state of the angular momentum
Je,» 1ts "z" component Me and parity Mo, into the final state lf» in
wnicn tne residual nucleus is in the state l‘I}) with quantum numbers
J“, M $ and n‘ , and the emitted photon has the momentum T(} and
nelicity A. Thus

.__Q(x JoMJT,,‘E,.s 60 —af IMeT K )
21 2K, xmwno‘»l\wr Gn @
N ]

Here j, is the flux of incident neutrons, e’,., is the density of the
finai photon states, and Hd" is the electromagnetic interaction
defined by tne matrix element of the interaction Hamiltonian H,,r and
the two photon states

Hy = LB M Him] 00D )

In the experiment usually the initial magnetic substates Mg are
equalliy populated (i.e., the target nucleus is unpolarised) and the
pelarisation of the residual nucleus and the out;going 3’ -ray not
observed. Therefore the measured cross section is the cross section
of eq.(l)averaged over My and summed over M § and N . The polarised
incicent neutrons may eventually be available, The measured
quantities are usually presented as the differential cross section

sEs =3 [6"E0) + GHEO) A
- A1 +Za®) R




and the analysing power A(E,®), defined by
SenAEs) =+ [sTen -6'Ee)] @
= A,(E)[g NELAED)

In these two expressions G" and G* are the cross sections obtained
for the incident neutrons with- spin polarised up and down
perpendicular to the reaction plane and O is the angle between the
direction of the incoming neutron and the outgoing §-ray (Fig. 1). Py

Y

Fig.1: A shematic of a radiative
neutron capture reaction.

A 4

and P.: are Legendre and associated Legendre polynomials, respectively,
of the k-order which is limited by k€J +J ! where J and J' refer to
the interfering multipoles. The coefficient Ag(E), defined by
A(E) = G'{.t (E)/4 , and the angular distribution coefficients ay and
by are expressible as bilinear combinations of the reaction amplitudes
(transition matrix elements) of the type <Y lH&l‘Y:’} . From
Eqs.(1),(3), and (4)it is clear that by determining the coefficientsA,,
ay ‘and bk from measured angular distributions the possible ranges for
the values of transition matrix elements are obtained. 1In the special
cases of neutron capture by a target nucleus with angular momentum
J :0*('kt) to form a nucleus with J =.Ii’-(o*) and when, for example,
only dipole and quadrupole transitions contribute, the problem is even
overdetermined. From ‘the experiment 9 angular distribution
coefficients can be obtained, while there are only 7 unknowns: 2
dipole amplitudes, 2 quadrupole amplitudes and 3 relative phases,
Such an example is the reaction z‘r"Pb(n,é*.;).
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3. RAEACTION MODELS

in the case of radiative neutron capture in the nuclear
resonance region, the reaction model is essentially determined by the
model wave function, which enters the (energy averaged) transition
amplitude and approximates the exact ("energy averaged") continuum
wave function,l??én>. The aim is to include explicitly in the play
those components of the continuum wave function which are expected to
give sucn transition amplitudes which lead to a  satisfactory
reproduction of the experimental data. Let us note here, that only in
the case when alli the particular amplitudes responsible for the
observed f[eatures of the studied reaction are determined from the
experimentai data, can the reaction model be really fully tested.A(For
the sake of simplicity, in this work we assume that either the target
or the residual nucleus is sphericalJ

The reaction models range from the macroscopic to the
microscopic ones, the particular type being determined by the way of
"selecting” the important components of |?¥é’t} and by the
approximations applied in expressing them, 1i.e. in solving the

Scnroedinger equation
(€-H) g S=0 (5)

The representative of the macroscopic or phenomenological
models, most frequently used in data analysis, is the original direct
- semidirect (DSD) model /1,2,3/ with the complex particle vibration
coupling /4/. Few other models, like the pure - semidirect (PSD)
model /5,b/ or the extended pure-—resonance model /7/, and its
approximation, the pure - resonance (PR) model /8/, have been
discussed recehtly. Here we shall present mainly the DSD model, since
the other models describe the same physics and only employ somewhat
modified model ingredients. To find the details the reader is refered
to refs. /5-8/.

A fully microscopic model would require the complete
diagonalisation of the nuclear Hamiltonian H in the basis of single
particle wave functions including the continuum ones. As such a
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calculation is not feasible, one uses the procedure in which the
effects of selected configurations are incorporated and the modified
residual interaction used. It is believed that the best procedure to
treat the giant resonances is the random phase approximation (RPA).
Therefore we shall describe here the continuum RPA model /9,10/ for:
radiative neutron capture. The models based on the coupled - channels
formalism /11,12/ will not be discussed, as they are more appropriate
for lower energies and light nuclei.

A few models in between, the so called semimicroscopic models,
have been tried /13,14/. They are conceptually very close to the
semidirect models. We shall present the results of a 'semimicroscopic
DSD model in crmparison with the CRPA model results. = ‘

i) DIRECT - SEMIDIRECT MODEL

_ The original DSD model is basically a two state model. It
assumes that only  two components of the wave function l?é") are
important enough to be taken into account explicitly in the model.
Thus, the ansatz to be included in the Schroedinger equation is:

IBE> ~ UMy + Rl (©)

ine tirst term is the optical model wave function, with “:o> being
the ground state of the target nucleus and l\}’:;:) the single particle
optical model wave function describing the neutron elastic scattering.
The second term is proportional to the dipole collective component of
the wave function, with H’,q) being the giant dipole vibration state
of the target nucleus and |‘~!’{> the single particle bound state (of
the energy E{ ) into which the incident neutron is captured.

Solving the Schroedinger equation (5) with the a&satz (6) the
Schroedinger equation for the single particle state N’Opt} is obtained
and the following expression for the factor F,:

i
E-(E +&)

Rty = ety LykulHtYRy @)
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Usually, the giant - dipole state [tb is described by the :schematic
model of Brown and Bolsterli /15/,

Do 1t
lt) = = ZLIDEILO% (8)

where D, is the isovector part of the dipole operator for the target
nucleus. The residual interaction H’, however, is taken to be the sum
of tne tnird components of the isospin - dependent part of the
residual zero-range interaction between the incident neutron and the
nucleons in the target nucleus,

A
H'= 3 Vo TosTo - SR -T0) )

14

The target nucleus matrix element <£| lH'lto) presents the
transition potential,'uh., which causes the scattering of the incoming
neutron into a bound single particle state. It is usual to introduce
the so a)zalled particle - vibration coupling interaction or the form
factor, n (r), which is defined by:

2y =<tmlHlt
2 x <to Dl oy Toy Yoy 'L?OL)Ym(n) (10)
— DIy B ) R Yo )

Here, K is a constant and ?(r) the density of the target nucleus in
the ground state.

The singularity present in the equation (7) at E = By €4 in fact
does not exist. Namely, one has to include in the ansatz (6) also the
mr'est of the configurations, when solving the Schroedinger equation for
the two wave function components which explicitly enter the model.
The effects of this rest of the wave function lYgSls incorporated in
the effective operators determining the two components. The

consequences are:

i) in the Schroedinger equation t‘orl‘#f,pthe single particle



potential may indeed be approximated by the optical model potential.
ii) the energy denominator in eq. (7) becomes complex, so that
the singularity has gone

Et, > By, 4 8B - 30 = B 1D )

The energy E, may well be approximated by the position of the GDR in
the target nucleus, and‘ﬂ by its width.

iii) The residual interaction becomes complex, i.e. #{*?K The
approximation used above may therefore be extended /4/ to

A
P =Y Vo Talon (- 1100) S(R-TL) (12)
=4

Obviously the transition potential (10) and therefore the form
ictor become complex:

L) > hiy) + vRIY @)
An useful approximation /4/ is

b sche) ~ (e -i%eabd ) @)

where V1 and H1 are the strengths of the real and imaginary part of
the symmetry optical model potential and fafr), (I(r) the
corresponding Woods - Saxon form factors.

Writing the isovector dipole operator of the final nucleus, D,
as the sum of the dipole operator for the incident neutron, d,, and
the dipole operator for the target nucleus, Dy, i.e.

D =do+Do (ts)
the DSD model transition amplitude may be expressed as

Tosp =&% Kul D" |ansatz (&) )
= <™ + —ﬁ—@'1(~—)(&m)+»§m))Y,..<n)m,ﬂ>

Here the first term describes the direct capture in which the incoming
neutron experiences a direct dipole radiative transition from its
scattering state to a bound single particle state of the residual
nucleus. The second term describes a two step process. The target
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nucleus is first brought to the dipole collective state by the
incident neutron scattering into a bound single particle state, and is

then deexcited by a dipole photon.

From the expression (16) it' is apparent that the model
ingredients are:
i) the bound single particle state potential
ii} tne optical model potential (consistent with the bound state
potential) describing the neutron elastic scattering
iii) the energy parameters of the giant collective state (also
refered to as doorway state)
iv) the transition potential or the form factor.

As the first three model

ingredients are usually relatively - ‘a'l:m THEORY wCu(p.yu) 1
well inown (the energy parameters é:':: """‘32
at least for the dipole capture), ; er 1
the form factor - its strength, g':: ol ]
shape, and character - may be A :‘ z, f\:
studied. This is probably the i} = ’""""[&iﬁ‘“,
primary role of the model and the '

obtained informations are certainly

most interesting ones for the study % o
of the other fast neutron induced ::
reactions.
Most experimental data have a
~ been analysed on the basis of the ' as- ,:
DSD model. The values for V, have -uf
always been in reasonable agreement 0
with the values obtained from b, _"'
analysis of other experimental -a2 .
data. For exampleinFig.Zwé -usrlﬁusj
present an analysis of the © En(Me¥}
“ra(, 454 ca reaction /16,17/.
The long dashed curve corresponds
to the values V80 MeV and Fig.2: The, DSD moggl resulti for the
w‘suo MeV which are both in good %e;c:iggrimﬁﬁg ta t‘rom
refs. /5,17/.

agreement with the result from
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‘charge exchange reactions of ref./18/. However, the solid curve, for
which V, = W,,is also an acceptable fit. This case indicates that the
imaginary coupling interaction cannot be determined reliably unless
the real one is well known.

The real part of the transition potential or the real form
factor is well understood. It is determined by the target nucleus
transition density, Qh. , folded with the effective two-body residual
interaction, V(- T\,.,),

M o ! |
w ()= <tanlH] t"? o (17)
= [diviiR) Qu @)

For a zero - range interaction, like in (10), ’v;‘ is simply pro-
portional to .t:he transition density ( in the case of the schematic
model, to rg(r)). We belive that due to the improving knowledge on
the models for giant vibrations and on the effective two- body
interactions the real part of the form factor will be more or less
fixed in the near future.

For the time being the imaginary part of the transition
potential is still poorly known whith regards to both its
phenomenclogical parametrization and its microscopic origin. As we
have discussed already, the complex nature of the form factor can
readily be juétif‘ied formally. This was done in the framework of
Feshbach's unified reaction theory /20/ in refs./5,6,19/. It is
understood that an imaginary part of the form factor is the
consequence of the indirect excitations of the giant vibration,
however no attempt has been done yet to find out what fraction of the
phenomenclogical imaginary interaction is of this origin. It would be
of great importance to perform such a study as this problem is closely
connected to the problem of the particle decay of giant resonances.

Early analysis showed that the values of w1 from radiative
neutron capture are in agreement with the values obtained from charge
exchange reaction for medium-weight nuclei, but that they tend to
increase with the mass of nucleus . 1In the case of’“Pb(n,x-,) the
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result #™1.7-V, was obtained. This observation has not been changed
over the last years. Only recently a careful reanalysis /21/ of the
“3Pb(n,3& data /22/ showed, that the values for the form factor
parameters V, and W, might be close to those obtained from the
phenomenological analysis of .the data for other reactions. This
interesting analysis of théoi’b(n,a‘.)
data is shown in Fig.3. The DSD
model ingredients in these

£y (Mev}
3

4=
<

16 " 1'0

\ v T

calculations were chosen in an as [1]3 ™potn vy ™ro

consistent way as possible on the
basis of the existing relevant
experimental and theoretical
data. The bound single particle
potential which reproduces the
experimental rms radii in 2°% pp
was used as a starting point. The
optical model potential of Rapaport
et al /23/ was then reparametrized g
intc a kind of natural extension
of the bound potential. For the
real part of the form factor an
analitical function Eng?("-)) was
used, which closely resembles the
RPA transition density (calculated
on the basis of the same bound

© 00/00 190°) fubd/sry

[] 3
state potentials) folded by an Euluer)
effective two - body interaction

rang Fig.3: d57d§2(90%) cross section and a
with the e of ~0.8 fu, And’ 1 angular distributions cot(af‘ficisné

i for the reaction Pb(n, 1221

finally, the applied values for V, with the predtett oan‘: of
and W, were determined from a the DSD model using consistent

model ingredients /21/.
consistent reanalysis of the proton

and neutron elastic scattering data

(the uncertanty range for W, was from wé o to WZ ). Thus in this
calculation no parameter was adjusted to fit the capture data. An
impurtant observation of this study is that it is essential to use the
mentloned radial shape for the real form factor in order to reproduce
the angular distribution coefficient a,.
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The DSD model may also be applied to describe the radiative
capture processes, proceeding through excitations of higher multipoles
than the electric dipole one. As these reflect themselves practically
only through interference effects, the role of the DSD model here is
to aetect, confirm and possibly to 1locate the corresponding giant
resonances rather than to study the details of the form factors.

In Fig. 4 we present the EXCITATION ENERGY (MeV)

) 15 2 23 30 35
observed for\e - aft asy- A‘ T T T T T T T T T N T T YT Y
mmetry 1in the yield of L g 7

“Catn,v,}*'Ca
x- rays from the reaction
“a(n, ) *'ca 116,24/ The wr
DSD model analysis suggests
the excitation of an s
isoscalar - quadrupole giant

resonance at ~ 18 MeV and W

the lower isospin component

-‘JP|||||||1111x|||121141|11511'
: Qv S L] 15 L]
of the isovector quadrupole WEUTRON ENERGY (MeV)
giant resonance at~ 32 MeV. Fig.4: The fore-aft asymsetry of the “0ca(n,gs) !
/16,24/. The full curve presents the results
of the DSD model including an isoscalar and an
1 GQR. The dashed curve

results with only direct ol t 1t
11) CONTINUUM RPA MODEL included in the ;lculatlg;ndrwe ransttions

Roughly speaking we may say that the continuum RPA model is a

kind of microscopic direct - semidirect or, better, a pure - semi-
@) .

direct model. It assumes that the state |g Pcan be satisfactorily

described within particle - hole basis states. The effects of the

truncated basis states are roughly incorporated by the use of a
modified nucleon - nucleon interaction which is a zero range density
dependent force., This force is not complex, which means that effects
of most of the rest space are indeed not taken into account even in an
averaged way. Therefore it is understandable that the approach does
not include the scattering state corresponding to an optlcal model
potential.

As in the macroscopic pure - semidirect model, also here only
those nuclear wave function components which correspond to the giant
vibration of the residual nucleus enter the transition amplitude
explicitly. 1In contrast to the DSD model, now the part of the
incident particle continuum state that may radiatively decay to the
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final bound state is included in the semidirect term. So, the giant

vibration state in the residual nucleus is considered, rather than the
one in the target nucleus. For ecapture to.a closed shell nucleus /10/

wong e {ecEanelden] )
ST Yoo (Evgg, o i) [ by Op (F.)]J} )

Here E +E{ is the excitation energy of the

nucleus, J is the total angular momentum
and 1 the parity of the corresponding
multipole vibration,a? and bT are creation
operators for the particle and the hole,
respectively, a and b corresponding destruc- |

¢ lmb]

tive operators, g is the single particle

energy and ¢ =[p,h] is the (decay) chanel
characterized by the quantum numbers of
the particle and the hole state involved.

The expansion coefficients X and Y are de-
termined by solving the continuum RPA equa-
tions with proper boundary conditions and '

py taking into account the adequate reaction
specifications.

In Fig.5 we present the analysis /25/
of the data for the reaction OQ(~,p°
In fact ' N(B,4s) reaction data /26,27/
are used. The unperturbed Hamiltonian is

dipole ampllitudes

expressed by the sum of Woods - Saxon single

particle potentials, the residual particle - 180
hole interaction used is the zero - range

~ 120
density - dependent Landau - Migdal force &
with parametrisation given by Rinker and . eo

>

Speth /28/. The basis continuum states were

included up to the J'?z’ J% waves. ‘e
The agreement with the gross features

of the experimental data is very good. This p s

indicates that in a light nucleus like l‘O

the basic reaction mechanism is well deseri-

bed within the 1o - 1h basis and using a

reaction

the mdicuom of the continuum

RPA model (solid line) and of the

irli?lemacopxc DSD model (dashed
ne).

: Experimental dag /26 27/ for t-ht
N compared to




zero-range force. Such a result cannot be expected for heavier nuclei
where the spreading width is larger than the decay width. 1In the
case, for example, of the photoabsorption cross section of 208 Pb, the
inclusion of the 2p-2h basis states is indispensable /29/. 1In
general, the zero-range force is also an inadequate effective residual
interaction and ignorance of long range correlations a deficiency.

In Fig.5 the results of a semimicroscopic DSD. model are also
presented. Here special care was taken to use consistent bound and
scattering single particle states, two doorway states were included,
and the particle-vibration coupling was determined by folding the
corresponding bound RPA transition densities with the isovector part
of the effective interaction of ref. /30/. The agreement with the
CRPA model results is not surprising because, as we have stated
already, the physics contained in the two models is essentially the
same. Above the GDR the a, angular distribution coefficient seems to
be better reproduced by the DSD model. The reason lies probably in
the fact that in the optical model scattering state the effects of
2r-2h  and other more complicated configurations are at least
phenomenologically taken into account.

Both models also reproduce quite well the relative absolute
values of the two dipole transition amplitudes and their relative
phase, data which have been extracted from Ao,a,,and b, coefficients.

It is evident that this analysis presents a convincing positive test
of the models. ‘

Good agreement with experimental data is obtained also with the
original DSD model which is including the phenomenological particle -
vibration coupling. However, this might not be the case for the
quadrupole amplitudes. '
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4.  SUMYARY AND OUTLOOK

analysis of the data for the "> N(B, Yo) reaction shows that the
two models, the continuum RPA model and the direct - semidirect model,
well cescribe the reaction mechanism; the CRPA model despite the fact
that 1t 1invokes only 1p-lh basis states and a zero-range residual
interaction. This microscopic model is of course not suitable for the
extraction of the gross properties of the giant vibration states from
the experimental data. Houever, it may lead to excellent reproduction
of the data when using a more adequate effective residual interaction
and a petter ground state and when including the effects of the 2p-2h
configurations. Because the imaginary coupling is small or even
ignorable for light nuclei, the DSD model can well be applied for
locating and evaluating the multipole strength, but, so it seems, with
the provision that a microscopically founded transition potential and
consistent (unified) bound state and optical model potentials are
used. The transition potentials and other gross properties of giant
vibrations obtained from DSD model analysis of radiative capture data
certainly present valuable ingredients for the analysis of other
heutron induced reactions.

In the case of heavier and, especially, heavy nuclei, the CRPA
model has to be improved with regard to the basis, the ground state,
and the effective residual interaction. Also, the DSD model obtains a
serious deficiency. The imaginary part of the transition potential or
the particle - vibration coupling interaction increases with the - mass
number:, Fortunately, knowledge of the real part of this interaction
is imprbving, so it is reasonable to hope that phenomenological
parametrisation of the imaginary term will become much better known in
the near future. The investigation of the microscopic origin of this

term remains a challanging problem, closely connected to the problem
of the particle decay of giant resonances.
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INVESTIGATION Of SPIN EFFECTS IN EXCITON MODEL CODES
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P.0. Box 1, 1755 ZG Petten, The Netherlands

ABSTRACT

Various options to introduce spin effects into the pre—quilibrium
exciton model are considered. These options have an approximate nature,
but are such that they do satisfy basic consistency requirements. Calcu~
lations show that, firstly, the neutron spectrum is somewhat hardened due

to spin effects and, secondly, there is a dependence on the ground-state
spin. ’

1. INTRODUCTION

A draw-back of the usual exciton model (EM) is that it does not take
into account the spins and parities of the nuclear states involved in the
reaction process. The exciton model ylelds in the pure equilibrium limit
the same results as the Weisskopf-Ewing (WE) formula. A generalization of
the EM to include spin and parity is relatively easy, as has been shown
e.g. in Ref. [1]. The main difference with the usual EM is that all quan-
tities (internal transition rates i, emission rates W, occupation probabi-
lities q, mean life times 1, etc.) become a function of the composite-
nucleus spin and parity J and 0, respectively.

It is fair to require that in the pure-equilibrium limit the
continuum Hauser-Feshbach formula (HF) is obtained. The relation between
HF and WE is such that ignoring the channel-spin dependence of the trans-
mission coefficients and assuming a (2J+1)-dependence and an even parity
distribution the HF formula leads to WE. Similarly, we may require that
the same assumptions should transform the spin-dependent exciton model in-
to the usual EM. These consistency requlremﬁﬁts imply that there must be a
close relation between the mean lifetimes 1" (n) and t(n) of these models,
for each value of the exciton number n. In this paper some relations bet-
ween these two quantities are postulated. They define different (approxi-
mate) spin-dependent exciton models, The differences between the spin-
dependent and spin-independent models are investigated. In order to per-
form this intercomparison the two models have been made identical excep
for the dependences of spin and parity.

2. A SIMPLE UNIFIED MODEL

Without any loss of generality it can be shown that the spin-
dependent exciton model can be obtained from the usual HF model hv

#
On leave from the Institute of Atomic Energy, Beijing, China.




means of the following substitution for the level density [3]

Ix '
p(I,x,E0) » ] £ DDLED g () Iy, (1)
JI
n p (n,E)

where E* refer to the residual nucleus formed by the reaction (a,b) with
Q. (n) as defined in [2] (Qb»1 at equiligﬁium); b' is the mass number of b.
For the spin and parity dependence of 1~ we formally write

%) = s'Yn)1(n). (2)

It is easy to show [1,3] that due to conservation of probability the
following equation is strictly valid

I w M) - o2/ ] o T, . O ®
n JI .
Jn Jn
where W_~is the total emission rate and o the composite formation
eross sgction as a function of J and 0. This is an extension of

I tn) W.(n) = 1. ' (4)
n
Neglecting the weak (JR)~dependence of thn these relations lead to
thefapproxination
JI JI Ji
8 (n) ~0,"/ )} o » _ (5)

JI
i.e., independent of n. This means that substitution (1) modifies to

I, _
p(I,x,E0) » § EH{BRULED g (nye(n). (6)
n p (n,E)

A further simplification is possible if it is assumed that the spin
distribution of the level density is independent. of n:

p(I,%,E*) » ] R(E#)w(n-b',EX)
n

”c(n'E Qb(n)r(n). (n

Another assumption made in literature [4] postulates an(n) = RJn(n,E).
which actually is only true at equilibrium. It leads to

In, .,
o(1,7,E%) » § B-zé%ﬁBifﬁil— Q (m)x(n). (8)
n c

In this paper the effects of the substitutions (6) to (8) based upon
approximation (5) are studied. It is noted that substitution (7) 1is an
attempt to describe the precompound option of a code like GNASH [5] in a
more consistent way. We have introduced substitutions (7) and (8) into
GNASH and substitutions (6) to (8) into ERINNI [6]. The new versions are
referred to as GNASH-ECN and PERINNI (recently extended with a spectrum
option). It was checked that by inserting the equilibrium conditions
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t(n)e= "’c("'E)’ Qb(n) =1 \ (%)

the HF results are reéovered. whereas with

RIT(E%)w 2141, T, > T (10)

the spin-independent exciton-model [7] results were reproduced. The combi-
nation of (9) and (10) leads to the WE formula.

3. RESULTS AND CONCLUSIONS

Some results of the calculations for incident 14.6 MeV neutrons on
Nb are shown in Figs. 1 and 2. In Fig. 1 we compare the spin-dependent op-
tions (6) to (8) with a spin-independent EM calculation. A first conclu-
sion is thdt pre-equilibrium spin effects lead to a somewhat harder
(first~emitted) neutron spectrum as compared to the spin-independent case.
The second conclusion is that the numerical results of various spin as-
sumptions in EM are quite close, although their physical background may be
quite different. Thirdly, as demonstrated in Fig. 2, there is a clear
ground-state spin dependence. Fig. 2 was produced by a change of the
ground-state spin from 9/2 to the fictitious value 1/2, keeping all other
parameters exactly the same.

Summarizing, we note that spin effects are of 3ﬁme importance in
pre~equilibrium processes. The spin dependence of t should be studied in
more rigorous detail [3].
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Fig.2. Ground-state spin dependence (J=9/2, full line, versus J=1/2,

dotted line) for the same reaction as in Fig. 1. The spin
option chosen is Eq. (7).



71

JUCLEAR MODEL ANALYSIS OF THE (n,p) REACTION CROSS SECTION
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Marilena Avrigeanu, Marin Ivagcu and Vlad Avrigeanu
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ROMANIA

The proton emission data for the stable titanium isotopes in
the energy range from threshold to 20 MeV have been consis-
tently described through geometry-devendent hverid (GDH) and
Hauser-Feshbach model calculations. The single-particle level
density used in the preequilibrium emission calculations has
been related to the energy dependent level density parameter
of the Hauser-Feshbach model, resulting in lower preequili-
brium emission fractions. The isotope effect of the (n,p)
reaction cross sections has been analysed in the frame of
both reaction mechanisms.

3. INTRODUCTION

A modern trend of nuclear model calculations is the use of consis-
tent sets of input parameters, determined or validated by means of various
independent types of experimental data, in conjunction with developed com-
puter codes. The unitary account of a»whole body of related data for an
isotope chain as well as the unitary use of the common parameters of the
preequilibrium and equilibrium processes provide more confidence in the
calculated results. Therefore, the present analysis involves all the pro-
ton emission data for the h6-5oTi isotopes, -performed by means of the

Hauser-Feshbach code STAPREI) including the GDH model HYBRID subroutineg)

2. PREEQUILIBRIUM EMTSSTON

Taking advantage of the realisticB) level density parameter alE)
assumed in the Hauser-Feshbach calculations, the single-particle level
density g = (6/12).a has been used in the GDH model. As a result of the
present approachh the necessary consistency of the nuclear level densitv
and the equivalent particle-hole state density has been achieved. However,

the main consequence is the decrease of the
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preequilibrium emission fractions fn=OiE/(TR and fp=G§E/O'R, given as
functions of the composite system excitation energy in Fig.l {the dashed
lines correspond to the constant g=A/20). At the same composite excita-

tion energy of the nucleon preequilibrium-emission fractions are closely
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related to the smallness of the nucleon binding energies S(fig.2a). The

asymmetry parameter (N-Z)/A dependence of the last ones gives the neutron
excess dependence of f,, too.
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3. THE ISOTOPE EFFECT FOR TITANIUM (n,p) REACTION CROSS SECTIONS

In spite of the rp diminishing with the increase of the asymmetry
parameter, the preequilibrium contribution to the fn,p) reaction cross
section increases steadily (fig.3 for the stable Ti isotope extremes).

Tae faster decrease of the compound cross sections seems to be due to

20

its most important level
density dependence and the
nucleon binding energy

trends versus the asymme-

wn B R

try parameter. In fig.2b

there are shown (full

squares) the differences

E(MeY)
Fig.3. S -5 between the neutron

and proton binding energies for the compound nuclei w_slTi. Taking

into account the sum of the binding energy and the pairing energy cor-

rections, the corresponding "effective" binding energy differences

(open squares) give the differences between excitation energy regions

of rather equal nuclear level densities in the neutron and proton chan~
vels. The linear decrease of this effective difference versus the asymme-
try parameter could be correlated to an exponential decrease of the (n,p).
reaction cross sections, according to the exponential energy dependence
of the level density. Although this comment is rather qualitative, it
corroborates well the "effective" binding energy difference trend with
the dependence of the (n,p) reaction cross sections on Ti isotopes, at
14.8 MeV, on the target asymmetry parameter (fig.2c). The last depen-
denc«;s known as the isotope effect and greatly discussed by Molla and
Qaim

of both preequilibrium emission and compound nucleus mechanisms.

A4
and Caplar et al. ’, has therefore to be analysed in the frame
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PREEQUILIBRIUM %‘RAYS WITH ANGULAR-MOMENTUM COUPLING

P. ObloZzinsky
Institute of Physics, Electro-Physical Research Centre
of the Slovak Academy of Sciences, 842 28 Bratislava,
CZECHOSLOVAKIA

Spin-dependent relation is suggested for the emission
rate of preeuilibrium & rays in the framework of the
exciton model. The approach is illustrated on the 56Fe
'(n.%) spectrua at 14,6 MeV,

Angular-momentum effects are commonly neglected in the

preequilibrium nuclear reaction models such as the exciton
model. Preequilibrium & ray emission, in particular, re-
mained unsatisfactorily solved even in the non-spin foramu-
lations of the model. Recent plausable non-spin ¢ ray emig~
sion rate by Akkermans and Gruppelaar1 motivated us to de-
velop fully spin-dependent relations for & emission, Present
communication briefly summarizes essential results of this
development. |

We consider single-particle transitions of the electric
dipofsygsiwaen two levels (E,J) and (U,S). The number of
excitons is changed by an = 0,-2 due to emitted & ray, and
by an = 0,+2 due to its absorption. The Brink-Axel hypo-
thesis implies for the absorption of a 8'ray of energy &
and multipolarity A

oks, ey aks 2344
& Ed)= g) —=2*% .
6 (UsSED) % O3t o) <))

Then, the preequilibrium 8_ray emission rate with the angu-

lar-momentus coupling can be expressed as
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‘an mS Xms

ratios for absorption. The y-functions

ares the branching

refer to energy structure of the absorption

IRCARE S S A 2 )

while the x-functions keep all the angular-momentum depen-
dence of the process, They can be obtasined from the spin
part of the E1 transition matrix element by summing over fi-

nal levels and by averaging over initial levels. The result
for An = 0, see fig.1, is

Fig.1, Diagram of the
x° function.

2

FROWRPR %»D( )[“3 a: i ( »6)
Pdegs

and the result for An = +2 analogically is

o ™I

= 4n$ 12 (s)
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Here, 3\ = 2;-’1 and the angular-momentum distribution func-
tion reads? ) (3’_42_3)"-
- =t et @)
A 20§, >

2 2
where 6' =mQ . Our W% readily leads to the usual equilib-
rium I;.imit and it is in accord with the non-spin rate of
ref. .

The spin-dependent formulation of the exciton model is
co-pletedby the appropriate nucleon and damping emission
rates. The former is obtained straightforwardly from the
detailed balance, and the latter from the Golden rule as

Wma& ) 2: \ M:'mr YML XM'J\' ’ (8)

where Ynlv -igSEZ/(m-l) and the angular-momentum term 1is

R ) R@F@R_GW. @)
’R( %,‘Q
The function ’F(Q) is spelled out in full in ref.s). The in-

tranuclear transition matrix element \M"*z\
ted to the usual non-spin value KA -3¢~ -1" as

can be rela-

my2 2 mad K
RN 40
M ) e (t0)

As an example we studied the primary % ray spectrum of



77

56Fe(n.8) at 14,6 MeV as measured in refs.4'5). All para-

meters used in calculations were standard. Thus, g=A/13,
G= 0,28 A2/3. K = 190 Mevs, the GDR % ray strength func-
tion was taken with E_= 18,3 MeV and rk= 5 MeV. Spin-depen=
dent % rey widths.‘:_? shE_SWm&dg are compared with the non-
spin values in fig.2, Then, the spectra are shown in fig.3.
The impact of the angular-romentum coupling on the shape of
the spectrum is rather small., The non-spin result is some-~
what higher than the spin one basically due to the n=1 term
since (X33l>='0.0208 rather than <X13‘>= 0,0163 was applied
in eq.{10). Importance of the lowest n terms is essential
in the preequilibrium § ray emission involving presumébly
low J and An = O transitions,

IR SIS S |

Crow secton | mb/MeY )

ey anecgy iMev)

Fig.2.‘:g as a function of Fig.3. Calculated (n,%) spec-
angular momentum, ra are compared wich measured
cross sections.
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COUPLED - CHANNEL ANALYSIS OF NEUTRON:- SCATTERING

FROM 12C BETWEEN 9 and 15 MeV

L. F. Hansen
Lawrence Livermore National Laboratory, Livermore, CA 94550, U.S.A.

A. S. Meigooni
Therapeutic Radiology Dept., Yale University, New Haven, CT 06510,
U.S.A.

A deformed and energy dependent phenomenoclogical
optical model potential and coupled-channel formalism
for deformed nuclei have been used in the analysis of
elastic and inelastic (Q = -4.439 MeV) scattiging, and
analyzing power for neutrons scattered from ~“C in

the energy range of 9 to 15 MeV.

Measurements! 3 of the angular distributions for the (n,n,) and
(n,n’)a'“a secondary neutrons and for the analyzing power A(8) of
polarized neutrons scattered from these two levels were analyzed
using deformed optical model potentials (DOMP). The coupled-channel
{CC) calculations were done with the code ECIS using deformed central
and spin orbit potentials. The main objectives of these calculations
were, 1) to find an energy dependent DOMP (EDDOMP) that will give
reasonable fits to the scattering and analyzing power data and 2) to
investigate the importance of a rotation-vibration interaction at
these energies by cougling the levels of the ground state (GS)
rotational band K = 0° to those of the first octupole band K = 3.

' There are two earlier CC analysesz’3 of some of the data includec
in this work but both have their limitations. In Ref. 3 the authors
did not obtain an EDDOMP from thz analysis of their polarization
measurements and scattergng data’. Furthermore, the latter has
recently been reanalyzed’ and although systematic differences with
the earlier data have not been found, there are changes in the values
of the cross sections. In Ref. 2 the prescribed EDDOMP (set A & B)
were obtained from a CC_analysis that only included elastic and
inelastic neutron scattering data. As a result these DOMP give poor
fits to the analyzing power data of Ref. 3.

Starting from the DOMP given2 by set B, a search procedure

was done to optimize the fits to both the scattering and analyzing
power angular distributions from the GS and 4 .44 MeV level. The CC
calculations shown in Fig. 1 include the cs(0"y, 4.439 MeV(2¥) and
14.08 MeV (A+) levels of the GS band. The central potential (VR

and Wp) and the real spin orbit potential, Vg4, are deformed (see
Table I for the values of the parameters). No improvement in the fits
to the data was found by introducing an imaginary spin orbit potential
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TABLE I. Parameters for the DOMP used in the present calculations.

= 59.80 - 0.34E MeV - 1.06 fm a
R R R . 0.540 fm

-0

D - 0.66E - 4.60 MeV rw =1.25 fm- ay = 0.280 fm
0 = 9.67 - 0.38E MeV - 0.86 fu  agy = 0.360 fm

52 = 0.640 B, = 0. 208 By = 0.227

A second calculation’was done where the GS and 4.44 levels were
coupled to each other and to the 9.64 MeV 3~ level (rotational-.
vibrational model). Starting from the DOMP given in Table I, the
interband and intraband transitions potegtlals were calculated using
the formalism derived by Meigooni et al. In these calculations
only the central potential is deformed and a real, spherical Vg, is
included only in the calculation of the intraband potentials (codes
OCTOVIB and EXTERNAL written by A. S. Meigooni were used to calculate
the potentials to be input into ECIS). The CC results showed that if
only the 07-3" interband coupling was included, the agreement with
the data was comparable to that shown. in Fig. 1, although sytematlcally
worse. The fits were similar to those obtained wlth the 0*-21.4%
coupling with a spherical Vg,. However when the 2%.37 (A = 3,5)
couplings were also included the fits to the 2% inelastic scattering
and A(9), data deteriorated completely (the limited space of this
presentazion does not allow to show the results of these calculations).
In order to reproduce the measurements the interband potential for the

Blihg has to be changed drastically from the values
predicted by the calculations. Since these changes affected also
the values of the cross sections for the 3~ level and they could not
be tested due to the lack of data for this level in this energy region,
it was felt that we did not have enough information to have a
meaningful interband calculation.

In summary, neutron scattering data from 12C in the 9-15 MeV
enegy range is well reproduced by CC calculations where the target is
described by a pure rotational model. The complexities of the
calculations required to couple the GS rotational band to the octupole
band were not justified by the quality of the fits to the data. At
this stage it is not clear if the rotational-vibrational description is
needed at these energies, or if the approximations in the calculations
of the potentials must be revised before proceding any further.
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FAST POLARIZED NEUTRON SCATTERING ON %Ca, “AR, ®Y AND *'TM FOR
COUPLED-CHANNELS OPTICAL MODEL ANALYSIS

J. W. Hammer, W. Grum, K.-W. Hof fmann, H. Postner,

G. SchleuBner and G. Schreder

{ Institut fur Strahlenphysik, Universitat Stuttgart )
P. A. Owono

;

t Departement de Physique, Université de Yaounde, Kamerun )

The phenomenological optical model is a mighty tool to work out syste-
matic properties of the nuclei. Additionally it reduces the large va-
riety of experimental data to some significant parameters, which can
serve as the data base for theoretical nuclear models. The_investiga-
tion of a large number of nuclides is necessary to get a proper in-
sight into the behaviour of nuclear matter. At the Stuttgart 'SCOR-
PION' facility angular distributions of the neutron differential cross
section a n d the analysing power of several nuclei at the typical
energy of 7.75 MeV have been measured during the past few years.
Yttrium is a typical candidate for supporting the convenience of the
simple spherical optical model (OM). A potential without an imaginary

volume term was used:

- : d 2 1d »
U(r) = VRf(r,RV,aV) + alaswla?f(r,RS,as) + A,szd;a;f(r,Rso,aso)l'§,
Oiff. Cross-Section of Yttrium Analysing Power of Yttrium
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Fig. l: Experimental data for yttrium together with the OM-results.



where f is the usual Woods-Saxon form factor. The experimental data

and the OM-results are shown in Fig. 1, the parameter set is given in

Table-1l. The strongly deformed thulium has been approached through the

finel results

En)
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Fig. 2: Experimental data for thulium together with the CC-results.

Table 1: Parameter sets for yttrium, thulium,

calcium and argon at En= 7.75 MeV.

parameter Y Tm Ca Ar
Vg (MeVv) | 47.33 44,93 51.31 52.61
r, (fm) 1.24 1.27 1.22 1.17
a, (fm) 0.62 0.63 0.69 0.73
Wy (MeV) 5.75 7.18 3.72 2.19
r, (fm) 1.26 1.27 1.22 1.26
ay (fm) 0.58 0.48 .58 0.58
Vy (MeV) 7.845 6.0 5.87 6.1
Ly (fm) 1.147 1.07 0.81 1.02
a, (fm) 0.488 0.63 0.68 0.58
8, - +0.31 0.18 0.30
8y - - 0.49 -
8, - +0.01 - -

rotational model in terms
of the Coupled-Channels
formalism (CC). The de-
formation is introduced
by an expansion of the
radius parameters in
Spherical Harmonics. The

fit shown in Fig. 2 has

‘been achieved by super-

posing the angular dis-
tributions of the experi-
mentally unresolved in-
elastic states of the
ground state band. The
parameters are given in
Table 1. The analysis of
the calcium data led to
the investigation of the
neighbouring nucleus ar-

gon. For this measure-
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Fig. 3: Experimental data for calcium together with the CC-results.
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Fig. 4: Experimental data for argon together with the CC-results.

ment a cryogenic liquid sample in a thin-walled Dewar was used. Both
nuclei have been studied with a vibrational Coupled-Channels approach.
The analysis of polarized data results in a great reduction of the
freedom of the model parameters. The evaluation of the calcium diffe~
rential cross section is in progress, therefore the CC-results for a
model fit of the analysing power data is compared with the correspon-
ding ENDF/B values. The angular distributions are shown in Figs. 3 and

4, the parameters are given in Table 1. The strong octupole coupling

in calcium will be subject to further investigations.
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MICROSCOPIC AND CONVENTIONAL OPTICAL MODEL ANALYSIS OF
21.6 MeV NEUTRON ELASTIC SCATTERING FROM Mg TO Bi

N. Olsson, B. Trostell, E. Ramstrém and B. Holmqvist

The Studsvik Science Research Laboratory, S-61182 Nykdping, Sweden

F.S. Dietrich

Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

Calculations of neutron elastic scattering cross
sections at 21.6 MeV over a wide mass range have
been performed using a phenomenological optical
model as well as different microscopic folding
models. The results are compared with recently
measured Studsvik data.

Fast neutron elastic scattering angular distributions have been
measured at 21.6 MeV with an energy resolution of 0.5 MeV for the
natural elements Mg, Al, Si, S, Ca, Cr, Fe, Co, Ni, Y, Ce, Pbr (radio-
genic lead) and Bi by using the Studsvik pulsed beam time~of-flight
facilityl).

The experimental data have been analysed in terms of a standard
phenomenological spherical optical model. The potential depths and
geometry parameters of the real and imaginary central potential parts
were least squares fitted to each angular distribution, while the
spin-orbit potential part was kept constant. The results of these ana-
lyses are shown in fig. 1, where they are compared with the experimen-
tal data. As shown in the figure the agreement is in general very good.

Microscopic folding models for the optical potential according to
Jeukenne, Lejeune and Mahaux (JLM) 2), Brieva and Rook3), and Yama-
guchi et al. 4) have been tested by calculating angular distributions
for all the elements studied. In these calculations the central and
spin-orbit parts of the optical potential were generated by folding
ground-state nucleon densities with energy—- and density-dependent
effective interactions as described in refs. 5’6’7). A 'midpoint'
local density approximations) was used. The spin-orbit potential was

. . . 8
calculated with interactions taken from the work of Bertsch et al. 7).
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The results of the calculations with the different microscopic
models have been intercompared by studying introduced normalizing con-
stants lv and Aw of the real and imaginary central potential parts,
respectively. These constants were determined from least squares fits
to the experimental data. Best description of the experimental data is
obtained with the JLM potential, where N, and ), seem to be within 5 %
and ‘15 % of unity, respectively, for all the elements studied. Angular
‘distributions calculated with this model are shown in fig. 2 together
with the experimental data. The agreement is good except at the minima
in the 20° - 60° range in medium to heavy nuclei, where the model
seems to underpredict the cross sections. The results of the calcula-
tions with the Yamaguchi potential are slightly worse, whereas the
Brieva-Rook model yields poorer agreement. For these interactions the
real normalizing constants are within 10 %7 of unity, while the imagin-
ary potentiai part is underpredicted by 35 Z in the Brieva-Rook model
and overpredicted by a similar amount in the Yamaguchi model.

Furthermore, as can be seen when comparing figs. 1 and 2, the
angular distributions calculated with the JLM model describe the data
nearly as well as the individual best fits calculated with the pheno-
menological model.

Volume integrals of the real and imaginary potential parts calcu-
lated with the JLM model are in good agreement with those of the
phenomenological analyses. The corresponding values obtaiqed with the

models of Brieva—-Rook and Yamaguchi et al. show reasonable agreement.
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PHENOMENOLOGY OF ANGULAR DISTRIBUTIOKS OF
FAST NEUTRON-INDUCED PARTICLE EMISSION
CROSS SECTIONS

D Hermsdorf, H Kalka, D Seeliger, U Steininger
Technische Universitdt, Sektion Physik
Mommsenstr. 13, 8027 Dresden
GDR

Experimental emission cross sections for n, p
and o-particles induced by fast neutrons have
been analysed systematically. In the paper it

is shown that by two simple models, the GEM

and the Kalbach-Mann formalism, the main fea-
tures of experimentally verified angular distri-
butions can be interpreted very well.

1. SYSTEMATICS OF EXPERIMENTAL DATA

Generally, the energy and angular dependences of fast
neutron-induced particle emission cross sections (DDX) are
favourably represented in terms of Legendre polynomials
using reduced coefficients'a1 = fl/f° and the normaliza-
tion conditions aj = 1 and £ = d© /4E'/C (E).

A systematical analysis of the reduced coefficients
8, carried out by Briseno et 81.1) yields following results
in accordance with other investigations:

i) independence on the target nucleus mass number A in

the range 30< A < 200;

ii) independence on the incidence energy in the range
-5 < E <60 MeV1’2) (see fig. 1 for the coefficients
aq); '
iii) independence on the kind of incidence and emitted
particle (at least for neutrons and protons)1’?)
(see fig. 2 for the coefficient aq).



2. THEORETICAL MODELS

At present, quite different theoretical models exist
for prediction and interpretation of Legendre' moments 8,
and their dependencies on A, E and E'.

a,qsu?d R ' Fig. 1:
o8 - Nb ] Coefficient a,(E')
Lo e . for 93-Nb(n,n1) at
ol o Tire o= e | different incidence

energies, Experi-
mental data are com-
pared to model pre-
dictions.

At present, two
simple approaches

have been applied

very successfully:

i) the "Leading-Particle-Model™ derived by Mantzouranis

et a1.3)

. This model has been implemented into the

Generalized Exciton Model (GEM)4 H
1i) the semi-empirical formula of Kalbach and Mann (KM)

2)

predicting the Legendre' momenta a; by

a; = 1/(1 + exp (4,(B; - E')) ).

Plg. 2:

Coefficient a,(E') for
93-Kb(n,n'), (n,p) and
(n,«) at 14 MeV, Experi-
mental data are compared

to model predictions.

The parameters A;, Bl have
been extracted from an ana-
lysis of DDX at high ener-
gies and are therefore va-
1id in the absence of com-
pound reactions only. Ob-
viously, equ. 1 also re-
flects the independencies
concluded from the systema-
tics of experimental data.
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3. APPLICATIOR OF MODELS

Generally, the validity of GEM is restricted to E> 6
MeV roughly. Therefore, any application at 14 MeV should
yield reliable results, '

But, the KM formalism has to be modified to account
for contributions from CR which will become the dominant
reaction mechanism in the energy region E < 20 MeV.

This correction concerns the odd-valued coefficients
only because CR results in symmetrical angular distribu-
tions by basic rules of reaction theories. In the assump-
tion of isotropic CR all odd coefficients a; (1 < 1) have
to be reduced by a factor r(B') defined as relative con-
tributione of direct reactions (DI) to the total emission
crogs section. So, in this factor all informations on the
nuclear structure and reaction mechanisms are included.

- 4.  RESULTS

Calculations in the frame of GEM for (n,n') and (n,p)
have been done using the code AMAPRES) by fitting only one
parameter (the transition rate 7%) to achieve best agree-
ment with experimental data.

Results obtained for 93Nb+n at different incidence
enérgies are given in figs. 1 and 2 demonstrating the
excellent description of experimental values for both
(n,n') and (n,p) reaction.

Applying a reduction factor r averaged over energy
and reaction type also the KM formalism is able to inter-
prete the experimental data (compare figs. 1 and 2 alsc)
with surprisingly accuracy.
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DOSIMETRY OF FAST NEUTRONS WITH ENERGIES BELOW 20 MEV

G. Dietze
Physikalisch~Technische Bundesanstalt Braunschweig,
FEDERAL REPUBLIC OF GERMANY

Dosimetry in intense neutron fields used for
radiotherapy or radiobiological research is often
performed with tissue-equivalent (TE) ionization
chambers, low-pressure TE proportional counters or
calorimeters. Due to the difference in the atomic
composition of tissue and TE plastic, if the
absorbed dose in tissue is to be determined,
corrections must be applied which include atomic
data and kerma factor ratios and depend on the
neutron energy distribution. Hence the uncertainty
of absorbed dpse measurements in tissue is related
to the uncertainty of these data. The problems are
discussed with respect to the application of atomic
and nuclear data. Some results are given for neutron
fields used in practice, e.g. d + Be and p + Be.

1. INTRODUCTION

The determination of the absorbed dose in tissue is an important
topic in the field of radiotherapy and radiation protection. While in
radiation protection dosimetry an overall accuracy of 10 to 30 % is
usually sufficient, in radiotherapy an accuracy of 2 to 5 % for the
determination of the absorbed dose in tissue is desired in order to
optimize the treatment of cancer.

For high-LET neutron radiation, this aim has not yet been
achieved. The main reasons for this are the strong energy dependence
of the neutron cross sections, the different types of secondary
charged particles produced in neutron-induced nuclear reactions and
the mcertaintly of the atomic data required. To date, all methods for
the determination of the absorbed dose from neutron radiation require
additional information on the neutron spectrum if an accuracy below

sbout 6 ¥ is desired. In the following, the methods using a cavity
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chamber or a calorimeter will be discussed, in particular with respect
to the nuclear data applied.

The restriction to neutron energies below 20 MeV is not based on
physical properties. Today, in neutron.radiotherapy the energy range
has been extended up to 80 MeV, but the mean neutron energy of such
broad therapy beams is about 15 to 30 MeV. Table 1 shows that even for
high energy beams the neutrons below 20 MeV significantly contribute
to the absorbed dose or kerma in tissue. In addition, for the energy
range up to 20 MeV, large nuclear data files like ENDF/B—Vl) exist
which are very helpful in calculating correction factors or estimating

absorbed dose values also in materials other than standard tissue.

Table 1: Mean neutron energy E_ and standard tissue kerma K per inci-
dent beam charge Q at a distance of 1 m from a thick Be
target bombarded by protons or deuterons with energy E .

Reaction E En K/Q K(En< 20 MeV)/K
MeV MeV gy-¢”? %
4 + Be 13 4.5 99.0 100
16 6.1 181.6 100
33 12.9 1605 76
50 19.7 5605 56
p o+ Be 23 5.1 109 90
4 14.6 430 55
3 41, filtered | 19.5 210 43
L 60 26.0 680 40

2. ABSORBED DOSE DETERMINATION

The neutron absorbed dose in tissue is mostly measured using
techrmiques similar to those used in photon dosimetry either with
instruments based on the cavity chamber principle or calorimetric

methodsz).

2.1 Cavity Chamber

Cavity chambers are either ionization chambers or low-pressure
proportional counters of tissue-equivalent (TE) material, chiefly A150
plastic3), with tissue-equivalent gas in the cavity, often methane-

based TE gas or Sirdoc gas4). where the wall thickness is chosen to
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achieve secondary charged particle equilibrium within the small cavity
of the chamber . The measured quantity is the charge Q0 produced in the
cavity through ionization by those secondary charged particles
passing, entering or starting within the gas cavity. If a photon
contribution is ignored, the determination of the absorbed dose in
tissue (t).'which for neutrons is almost equal to the kerma, can be
described by the expression:
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ﬂg is the mass of the gas in the cavity which is usually determined
by indirect methods, e.g. by an additional calibration in a well-known
photon field. Due to the quality of modern electrometers or
amplifiers, Q can be determined with an uncertainty smaller than 1 %
(1 standard deviation) and therefore the experimental uncer tainty of
Q/Mg may be estimated to be about 2 %, if saturation and polarity
effects are corrected. The main contribution to the overall
uncertainty of Dt comes from the three correction factors in eq. (1).
WN is the mean energy needed to create an ion pair in the gas
averaged over all secondary charged particles in the gas contributing
to the charge Q and e ip. the electron charge. Siebert and Coynes)
calculated WN for a TE chamber of an infinitesimal and an infinite

cavity size for monoenergetic neutrons from thermal up to 20 MeV (see
Figo 1).
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The dependence of W, on cavity size is small (< 1 %), while for
energies above 2 MeV the variation with energy is assumed to be about

2 -3%. The correction factor rm g is the ratio of the absorbed

.
dose or kerma in the chamber wall (m) to the mean specific energy

released in the gas. L g varies with the.neutron energy and the
.

cavity size (see Fig. 2).
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For an infinitesimal chamber size r is equal to the stopping

power ratio S /S which has been retégtly calculated by Makarewicz

et al.6) agaig ftr a methane~based TE gas and Al150 plastic. Their
results deviate from data published by the ICRU7) in 1983 by 2 - 3 %
for neutron energies above 1 MeV and from earlier data of Bichsel and
Rubacha). While for En above 2 MeV the ratio Sg/Sm shows a small
variati;n with energy, the dependence of rm'g on cavity size remains

strong5 . Hence for high neutron energies an uncertainty of about

4 % may be a realistic estimate, but it increases for low energies.
WN and r'm.g depend mainly on atomic data and only indirectly via

the charged particle spectra on neutron cross sections. The third
correction factor in Eq. 1 transfers the absorbed dose in the wall
material to the absorbed dose in tissue and this factor is usually
approximated by the kerma ratio Kt/Km' which to date contributes
strongly to the uncertainty of this method, in particular for neutron
energies above 10 MeV. Details will be discussed in section 3. In
Table 2 the achieved and desired uncertainties typical of this type of

measurement are presented. However, an additional uncertainty appears
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Table 2: Uncertainties (1 s.d.) corresponding to the measurement of
neutron absorbed dose in tissue by a cavity chamber

Unctrtainty Q HE W o, & Kt/Km total
typical 1% 2% |2-3 %|3-4 % 3-10 % 5-12 %
desired 0.5 % 1% 1% 2% 2 % 3.3 %

’

if the neutron spectrum at the position of interest is not well known.
Also a photon absorbed dose component of the tield requires the use of
a second neutron insensitive detector if an ionization chamber is

applied. However, with a single tissue-equivalent proportional counter

of the Rossi typeg) the photon and neutron dose components can be
determined immediately.

2.3 Calorimeters

In phot;n dosimetry, calorimeters are often used for the precise
measurement of absorbed doselo). In neutron dosimetry calorimeters
made of A150 plasticll) or using waterlz) have been developed, but
to date, the application is limited to intense neutron fields with a
dose rate of at least 0.2 Gy min~t

When a temperature rise AT is measured in a material m with the

specific heat Cu* the absorbed dose in tissue at the calorimeter
position can be determined by

Kt 1
D —_— . .
t = Ky T Ca® AT (2)

The correction factor r corresponds to the heat defect due to a loss
of imparted energy by endothermic radia-chemical reactions or the
trapping of nuclei into interstitial sites of the material. This
factor can be positive or negative within some percent and contributes
significantly to the uncertainty of this method. Nevertheless, the
main contribution comes from the kerma ratio K /K . as in the

method discussed before. This favours the use of a water calorimeter,

as will be shown in section 3. In principle, a calorimeter always
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measures the total absorbed dose. Hence, for the determination of the
neutron absorbed dose, a two detector technique with an additional

neutron insensitive chamber must be applied.

3. KERMA RATIO

~ The determination of the neutron absorbed dose in tissue in
fields with a broad energy distribution requires an energy averaging

of the correction factors,

E
max
0 1 K W, (E)
Dy = ﬁ . [ . r (K_,.,)E rm.g(E) e KB E (3a)
o

KE m(E) is the spectral kerma in the wall material (m) which is equal to
km(E) . ¢E(E), where km is the kerma factor and'DE the neutron spectral
fluence. Eq. (32) can be written as

Emax E max
0 ¥, (E)
Dt = ﬁ; kt(E) . ¢E(E).rm.g(5) s dE/ km(E)' QE dE (3b)
o [}

This expression shows that not only the kerma ratios but also the
kerma factor values are of importance in order to accurately determine

the neutron absorbed dose in tissue.,

Fig. 3: Kerma ratio of ICRU
muscle tissue to A150
plastic (A) and water (B)
versus neutron energy

KERMA RATIO

In Fig. 3 the kerma ratios of ICRU muscle tissue to A150 plastic
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and to water (s. Table 2) are presented which were obtained from the
kerma factor data published by Caswell and CoynelS). The data below
20 MeV are calculated using neutron cross section data from the
ENDF/B-V nuclear data file which are mainly based on the evaluation of
experimental data, while the kerma factors above 20 MeV were estimated
from smooth interpolations between the small amount of existing data
and some additional theoretical approaches. Up to 12 MeV the ratio
KTE/KAISO oscillates around a mean value of about 0.98 to 1.0. For
higher neutron energies this ratio decreases down to about 0.83 at

30 MeV. Hence, in a neutron field with a broad energy distribution,
e.g. from Be + d, the mean kerma ratio may not strongly depend on the
details of the energy distribution and the mean neutron energy if this
energy is far below 10 MeV. For such neutron fields with mean energies
above 12 MeV the energy dependence of the kerma ratio obviously
becomes more important.

The tissue to water kerma ratio is much more stable and shows
only an increase of about 6 ¥ between 5 and 30 MeV. Nevertheless,
this situation demonstrates that a discussion of the uncrtainty in
measurements of the absorbed dose must consider both the uncer tainty
of kerma factor values and the uncertainty due to incomplete knowledge
of the neut;'on spectrum at the point of interest. Both aspects will be
discussed in the following.

4. KERMA FACTORS

In ICRU muscle tissue, A1S50 plastic and water, the kerma factors

of hydrogen, carbon and oxygen are most important.(see Table 3), while

Composition in percentage by mass
H c N 0

ICRU Muscle Tissue 10.2 12,3 3.5 74 .0%)
A150 Plastic 10.1 77 .6 3.5 8.8
HZO 11.2 - - 88 .8

Table 3: Atomic composition in percentage by mass of various materials
*) other nuclides are treated as oxygen
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the small amount of nitrogen is significant for low neutron energies

only, due to the reaction 14N(n,p)“C. The H(n,n)H cross section

and therefore the hydrogen kerma factor is well known with an

uncertainty lower than 1 %14). Hence the main uncertainty stems from

carbon and oxygen. Fig. 4 shows the contribution of these nuclides to
the kerma of tissue and A150 plastic which adds up to 30 -~ 50 } of the
total kerma for En > 15 MeV.

Fig. 4: Relative kerma con- r L

tribution of carbon o o ]

and oxygen to the
total kerma in ICRU
muscle tissue (full)
and A150 plastic
(dotted) versus
neutron energy En

KERMA FRACTION

Various methods were applied for the determination of kerma

factors, e.g. for carbon, including:

1.

the measurement of the absorbed dose in carbon with a cavity
chamber, usually a low-pressure graphite proportional counter,
together with a precise fluence determinationis'ls)

the measurement of the absorbed dose in carbon with a calorimeter

together with a precise fluence determination17)

the calculation of kerma factors from neutron cross sectionslS)

where Nc is the number of nuclides per unit of volume and the

sum is performed over all neutron induced reactions on the nuclide
to be considered. 95 is the partial cross section and EJ is

the mean energy transferred to charged particles via a reaction
channel J )

the calculation of kerma factors using secondary charged particle

spectrale) with
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where the sum must be performed over all types of secondary
charged particles produced by the neutron reactions to be

considered and doi is the cross section for the emission of a

charged particle of type i with an energy between E and E + dE.

While there are only few measurements available regarding methods
(1) and (2), most of the kerma factors were determined from neutron
cross sections either by using evaluated data files, e.g. ENDF/B-V or
by estimating cross sections from theoretical nuclear reaction models.
For light nuclei like carbon, nitrogen and oxygen the application of
theoretical models for the calculation of particle emission cross

sections - e.g. an evaporation nodellg)

combined with precompound
20)

corrections 21) - are to date

restricted to incident neutron energies above 15 - 20 MeV, therefore
for lower energies the cross section data files evaluated from

experimental data are most important.

or the intra-nuclear cascade model

For energies above 20 MeV the number of possible reaction
channels increases more and more, With increasing energy it therefore
becomes even more difficult to determine all cross sections by
experiment, which emphasizes the importance of reliable theoretical
models for the prediction of neutron cross sections in this energy
range.

In Fig. S and 6 the contribution of various reaction channels to
the kerma is shown for carbon and oxygen. Below 10 MeV the elastic
scattering and the (n,a) reaction contribute most of the kerma, while
above 14 MeV the (n,n'3c) reaction on carbon and the (n,n‘a) reaction
on oxygen are most important. For elastic scattering the mean energy
of the recoil nucleus strongly depends on the angular distribution of
the scattered neutrons, and even if the differential cross section at
backward angles is small compared with the cross section at 0° to the
direction of the incident neutron, this angular range is most
important for the kerma factor determination. This must be taken into
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account when discussing the uncertainty of kerma factors. For example,
the result of the precise differential cross sectien measurements on
carbon for neutrons with emergy of 13.75 MeV at the PTBZZ) differs
from the ENDF/B-V data only by 2.5 ¥ for the partill cross section,
but by about 11 % for the partial kerma factor.

The mean energy transferred to secondary charged particles by the
(n,n*3q) and (n,n'qa) reactions is correlated to the mean energy of the
emitted neutron which depends on the excitation of the various
subchannels of these reactions. It is, thoreforo} not sufficient to
determine the partial ocross sectien eof 12C(n.n'3¢) or 16O(n.n'a)12
and a detailed analysis of the reactien mechanism is also necessary in
order to calculate kerma factors mere precisely. Fer the (n,n‘'3x)
reaction this has been dene by Antelkevic et -1.23) and also in
recenf measurements which have been discussed in detail during this
conference24). For the (n,n'a) reaction en exygen, much less

25)

this reaction to the oxygen kerma factor, experimental investigations

information is available . Because of the strong contribution of
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In Fig. 7 and 8 the kerma factors for carbon and oxygen
calculated by Caswell et al.'>) using the data file' ENDF/B-V are
compared with an analysis of Wellszs) and Behrooz et al .27). with
the data of Diwylovzo) obtained from a theoretical evaporation
model including precompound contributions and with Brenner's data21)
using an intra-nuclear cascade model for the calculation of all
subchannel contributions,

It seems inappropriate to estimate an uncertainty from the
variation of these data, but in the following the data of Caswell,
Dimbylov and Bfenner will be used to study the influence of different

functions on the kerma factor ratios.

S. DISCUSSION OF KERMA RATIOS

The energy dependence of the tissue to A150 plastic kerma ratio
is shown in Fig. 9. The ratios calculated from theoretical models show
a much smaller energy dependence than that from Caswell et al .13)
and the discrepancy increases with energy up to 14 % at 30 MeV.



Fig. 9: Kerma ratio of ICRU
muscle tissue to A150
plastic versus
neutron energy E
with data from
Caswell (1), Dimbylov
(2) and Brenner (3)

n

Fig. 10: Kerma ratio of ICRU
muscle tissue to
water versus neutron
energy En with
data from Caswell
(1), Dimbylov (2)
and Brenner (3)

KERMA RATIO

KERMA RATIO ——
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In Fig. 10 the same relations are shown for the tissue-to-water kerma

ratio. Obviously, the sensivity to changes of the oxygen kerma factor

is much lower, a fact which would favour the use of a water

calorimeter . There remains a change of the ratio from about 0.88 at
10 MeV to about 0.92 at 20 MeV, hence neutron spectral information
could not be totally ignored even in this case.

With the exception of 14 MeV neutron beams from T(d,n)‘He all

other intense fast neutron sources produce beams with a broad neutron

Fig. 11: Neutron spectral
yield Y. from
d (13 M&V) + Be at
0 degrees to the
incident beam
direction versus -
neutron energy En

/ (SR-MEV- C)"

Y

aa ) a FUTS R
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spectrum. Neutron spectra from a d + Be source with a thick Be target

were measured, e.g. by Meulderszs)
29)

at various deuteron energies and

at 12 MeV and Brede et 51.30)

from 9.5 MeV to 13.3 MeV (see Fig. 11). The neutron spectrum shows a
*

more precisely by Lone et al.

9 \9
strong peak at about 0.8 MeV due to the reaction Be(d,d*) Be2.43 —
Be + n, but below this energy no increase in the neutron yield has
been measured by Brede contrary to the data of Lone. Mean kerma factor
ratios were calculated for d (12 MeV) + Be and d (33 MeV) + Be (see

Table 4) using the different kerma factors mentioned above. Due to the

Neutron Source Ref . Mean Kerma Factor Ratio, Data from

Caswell (13) Dimbylov (20){ Brenner (21)
(29) 0,981 - -
d (12 MeV) + Be | (4) 0.980 0.978 0.980
d (33 MeV) + Be (28) 0,942 0,933 0.979
p (23 Mev) + Be {29) 0.959 0.956 0.978
filtered | - 0.966 - -

Table 4: Mean ICRU muscle tissue to Al150 plastic kerma ratios

calculated for various neutron spectra and kerma factors from
different authors

low mean neutron energy of about 4.2 MeV the kerma factor ratio for
the neutron field from 12 MeV deuterons remains practically unin-
fluenced by the ratio for neutrons above 12 MeV, and therefore by the
{n,n*3a) and (n,n'a) reaction cross sections. The uncertainty for this
field stems chiefly from the eleastic scattering and the (n,x)
reaction cross sections on carbon and oxygen. For 33 MeV deuterons the
situation changes and the ratio varies by about 4 %. Nevertheless, the
neutrons below 10 MeV remain important. This also holds true for the
reaction p (23 MeV ) + Be. Its neutron spectrum shows a strong rise at
low energies and polyethylene filters are sometimes used in order to
reduce this low energy contribution. »

Mean ratios were calculated for the undisturbed neutron field and
for a filtered beam simulated by reducing the low energy contribution.
Variations of the kerma factor of up to 2.5 % were obtained with the
different assumptions on kerma factors. It should be mentioned,
however , that a realistic analysis of the total uncertainty of the

kerma factor ratio must include the uncertainty of all cross sections
to be considered.
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PARTIAL KERMA FACTORS FOR ELASTIC AND INELASTIC NEUTRON SCATTERING
FROM TISSUE-ABUNDANT ELEMENTS*

Roger W.Finlay* and M.S.Islam
Ohio University
Athens, Ohio 45701, USA

ABSTRACT

Recent measurements of elastic and inelastic neutron scattering from
C, N, O and C4 at 18 < E, < 26 MeV are discussed. The heavy-ion-recoil
contribution to kerma 1is obtained directly from the data at each
energy. These data, together with earlier measurements of total and
reaction cross sections, are used to construct model potentials that
may be used to calculate various quantities of interest in neutron
dosimetry over a broad energy range typically 20 - 60 MeV. The use of
proton inelastic scattering data in this application is discussed.

1. INTRODUCTION

Continuing interest in the use of high energy neutrons for cancer
radiotherapy has focussed attention on the generally meager data base
of neutron cross sections in the energy region above 20 MeV. In a
recent survery” of this problem, an IAEA advisory group described the
needed data as including all cross sections, secondary particle
spectra and angular distributions from the interaction of high energy
neutrons in all of the tissue-abundant elements. Since the world-wide
number of facilities that are capable of providing these data is
small (and decreasing !), it is clear that extensive recourse to use
of theore:ical models for the calculation of the quantities of
interest will be required. Current efforts can best be directed toward
selective measurements which test the calculational models as well as
rill immediate gaps in the tabulated data files. The present
contribution is made in that spirit, i.e. new measurements of dif-
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ferential elastic and inelastic scattering above 18 MeV at Ohio
University are combined with earlier data from many sources in order
to build calculational models for nuclei of interest in neutron
dosimetry. )

The principal quantity of interest in neutron dosimetry is the
kerma factor, and many recent atteﬁpts have been made to calculate
this quantity in terms of the underlyiﬁg nuclear reaction cross
sections or to heasure it directly with special-purpose instruments
such as tissue-equivalent proportional counters. Present knowledge of
the kerma factor is thought not to be adequate for the needs of
clinical radiotherapy. However, enough is known to convince us that
the partial kerma factors produced by recoiling target nuclei are
relatively small above 20 MeV. Considerably larger contributions to
kerma are associated with secondary charged-particle production
[ (n,xp),(n,xa) etc.] which are experimentally much more difficult to
measure. Where the present measurements and models may’pfbve to be of
greatest value is in the related areas of transport thedry (depth-dose
distributions, treatment planning, shielding etc.) and also in the
interpretation of ionization yield spectra in microdosimetry. The very
high LET region of these spectra (-~ 103 keV/u) can in principle be
related to the energy distribution of recoiling target nuclei measured
and calculated in the present work.

2. EXPERIMENTAL DATA

The Ohio University beam swinger facility was used t6 measure
elastic and inelastic scattering of neutrons by C, 0, N and Ca at
various energies between 18 and 26 MeV. The facility has been
described in detail previously, and the reader is referred to ref.z)
for details. A portion of the present results has also been discussed
in a different context in ref.3).

Table 1 lists the target nuclei and incident neutron energies ok
which differential cross section data have been obtained for the
present analysis.
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Table 1
Energies of Differential Cross Section Data

2c. g, = 20.8, 22, 24, 26, 4o*Mev
VBN: B, = 20, 25 MeV
160:  E, = 18, 20, 22, 24*, 2.5, 26 MeV
¥0ca: g, = 19, 21.7, 25.5, 30.3%, 40*Mev
% Ref.Y
+ Ref.5.

In ,addition to these measurements, the final data set included
measurements of total cross sections for C by Lisowski et a1.6). for O
and Ca by Larson7) and for N by Peterson et a1.8) and by Auman et
a1.9). :

Since the measured and calculated values for the partial kerma
factors for C have been previously published!©»11), this important
case is listed in Table 1 only for completeness. Détailed discussion
will not”be repeated here, and the reader is directed to ref.‘1) for
the final results of model calculations.

3. THE PHENOMENOLOGICAL OPTICAL POTENTIAL

The framework for the theoretical interpretation of elastic
scattering - the optical potential model - is very well established
for heavy nuclei and can be successfully applied to the light nuclei
of interest in dosimetry provided that a large enocugh base>of high
quality data is available. In this model the interaction between the
incident nucleon and a target nucleus is represented by a complex
potential:

e
U(r) = -VR(E) £(r) -1 [HV(E)-HWD(E)aig?]g(r)+“c—:Q%F feo(r)3-1
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Where f{r) and g(r) are taken to be Woods-Saxon radial form
factors, e.g.

£i(r) = [1+exp(r-ry)/agz ]t

In the present analysis of elastic scattering from O, N and Ca we
aséume a spherical optical model (SOM) in contrast to the earlier
analysis of C for which a deformed optical potential was required and
coupled-channel  effects were very important!0,11),  Inelastic
scattering is then described in terms of surface vibrations about a
spherical equilibrium shape (i.e. in DWBA). Strong coupling effects
can still be included in this model, and they were found to be of
possible importance for Ca (see section 4.2).

The optical model as given in eq.(1) requires a large number of
parameters for its complete specification at each energy, so the model
is only useful when the number of parameters can be reduced. In this
analysis, we assume that the geometrical parameters (ri, ai) are not
functions of energy and that the potential well depths depend smoothly
on the incident energy. Historically, the light nuclei are not easily
fit into this mold, and some compromises are required in the analysis.
One source of difficulty is that the competing compound nucleus
reaction mechanism is not entirely negligible at the lower end of the
energy region of interest. A second problem - which 1is quite
pathological for these three nuclei - 1is the appearance of a deep
minimum in the differential elast;c scattering cross section near
120°. Many explanations for this phenomenon have been proposed12), but
the approach taken in the present work is to ignore the effect and to
fit the differential c¢ross section data only 'up to 1109, Detailed
calculations showed that inclusion of the back-angle data resulted in
a deterioration of the fits at forward angles and a generally less
systematic behaviour of the poteﬁtial parameters. The effect of this
approximation on the accuracy of the derived partial kerma factors
will be discussed in the next section.
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The optical model search code 0PSTAT13) was used to calculate
simultaneously the differential cross sections at each energy and the
total cross section over the entire available energy range above 20
;Mer Fits to the total cross section for each element are shown in

‘fig.l and the resultant potential parameters are given in Table 2.

40
40
35 {N=1s Ca+n
30
T 25 H
3 H
2 &
B 20 §
IS
1.0 1
05 v v . .
0 20 W 0 60 70
Energy (MeV)
Fig.1: Spherical optical model fits Fig.2: Spherical opti-
to the total cross section cal model fits
data. to elastic scat-

tering from Oxy-

gen.
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Table 2

Spherical Optical Model (SOM) Parameters

Wy
Wp

Vso
rR
ag

VR
Wy

Wp

Vso
rg
ag

Vso
rR
aR

18 £ E S 60'MeV

53.5 - 0.297 E
- 3.5+ 0.167T E
0

6.5 - 0.31 (21-E)
10.0 - 0.166 E
431

1.153 rp = 1.376
0.646 ap = 0.473

52.13 - 0.282 E
-4,32 + 0.216 E
0
7.91
10.95 - 0.152 E
6.2
1:198  ry = 1.325

0.710  ay = 0.528

52.4 - 0.29 E
- 5.86 + 0.267 E

0
5.43 - 0.16 (22-E)
8.64 - 0.145 E
6.0

1.197 ry = 1.388
0.593 ajy = 0.449

momomom
VoW IA

aso

21 MeV
21 MeV
21 MeV
21 MeV

=1.11
= 0.450

> 20 MeV
< 20 MeV
E $ 20 MeV
> 20 Mev

r'sSo

430

= 1,010
= 0.750

> 22 MeV
S 22 MeV

[}

S 22 MeV

> 22 MeV

= 1.010
= 0.500
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3.1 Elastic and Inelastic Scattering from Oxygen

Fits to the measured differential elastic scattering cross
sections for 160 are shown in fig.2. Of course, the dip in the cross
, section near 120° is not fitted in this approach. The same potential
r parameters, plus the familiar Coulomb correction term for the real
part of the potential, provide -a very good description of proton

elastic scattering from 23 to 65 MeV (see ret. 1)),

%0 (n,n') %0 ‘ 50(}\n') 5 -

-3 3 10' { 26Mev T7=2*and I~ ]

TP A \ WY PRI\

dd/dn (mbarnAr)
Lol N\

dd/d N {mbarn/sr)

T\

io” 107 S

Bc.m.

Figs.3+4: Measurements and DWBA calculations of inelastic neutron
scattering to particle-stable states in '60. The solid
(dashed) lines are with (without) compound nucleus contri-
butions.

DWBA calculations of the inelastic scattering cross sections
for the 37 (6.13 MeV) state and for the unresolved 2* (6.92 MeV) and




113

17 (7.12 MeV) doublet are shown in figs. 3 + 4, Deformation parameters

for the vibrational model were held constant at 83 = 0.537, 8p = 0.23
and 8y = 0.062. Full coupled channel calculations were also carried
out for these transitions, but the net effects were not large, and so

the simpler model is reported here.
3.2 Elastic and Inelastic Scattering from Calcium

Differential elastic scattering cross sections for Ca are shown
in fig.5. The solid lines are the spherical optical model calculations
performed with the potential given in Table 2. The dash-dot lines are
the results of coupled-channel calculations using a potential recently
given by Honore et al.l'5) and the dashed lines are individual best fit
calculations by Alarcont6) using a spherical optical model. Clearly,

all three potentials do comparably well at describing the data.

0°

n!

ik

“a (n,n) “%Ca

sl

-
PG, ]

g a sz
0\l o sl

dd/d fi{mb/sr)
8

d{d/d NL(mbarn/sr}

-1
-

-] 3,
i ok

-]
S,

0 ey 80 120 60 0 ) 120 160
Bc.m. . 8cm.

Figs.5+6: Elastic and inelastic neutron scattering from Calcium.

See text for a description of the calculations.




114

Differential inelastic scattering cross sections for the 37
(3.74 MeV) state in %0Ca are shown for three energies in fig.6. The
solid lines are the results of DWBA vibrational model calculations
using the potential of Table 2 and the dashed lines are coupled-
channel calculations with the potential of Honore et a1.15). For all
calculations, the deformation parameter was 83 = 0.329. Both types of
calculation are in good qualitative agreement with the data, the DWBA
calculation being somewhat better at forward angles and the coupled-
channel calculation doing considerably better at the very backward

angles.
3.3 Elastic scattering from N

The total data set for N is considerably smaller than for O and
Ca consisting of only two differential cross section measurements and
9 total cross section values. The potential was assumed to have the
same functional form as for the other two nuclei and the entire data
set was used to obtain the parameters shown in Table 2. The fits are
shown as solid lines in fig.1 and 7. The dashed lines in fig.7 are the

10* . .

“N{n,n) “N

dd/d L (mb/sr)

Fig.7: Elastic neutron scat-
tering from Nitrogen.

See text for a des-

cription of the cal

culations.

0 40 80 - 120 160
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individual best fits to the data at 20 and 25 MeV at © < 110° from
Petler et a1.3). The fits obtained in refr.3) are, of course, somewﬁat
better, but the energy dependent potential model of Table 2 lends

itself to extrapolation. For nitrogen, no inelastic scattering cross

sections were obtained.

4, KERMA FACTORS
The kerma K, the kerma factor kg and the fluence ¢ are related by
K(Ep) = kp(Ep)e

The kerma factor is related to the underlying reaction cross
sections by

Kp = L1 Ny IEU(En, Ocm) ©013(En, O¢p) d@
1]

where Nj is the number of nuclei of the i-th element per gram, j
specifies the type of nuclear interaction, Eij (En, O¢m) is the energy
of the charged particle in a collision whose cross section is 0435 (En,
Ocm) at incident neutron energy En and center-of-mass angle 8gy. In
the present work we consider each element separately and evaluate only
two types of reaction channels, i.e. heavy ion recoil following 1)
elastic scattering and, 2) inelastic scattering to bound final states.
Numerical values of the partial kerma factors are obtained from the
data and from the model calculations by using the Legendre polynomial
expansion technique of Caswell et al.17).

4,1 Elastic Scattering

Kerma factors for elastic scattering are shown in fig.8. The
circles with error bars are obtained from the Legendre series
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expansion to the measured data. The solid lines are obtained from
optical model calculations using the potentials of Table 2. The extent

050
~
F|E 0.40
>
©
1]
5 030
x
.
o
S 0.20]
S 0.
w
e .
@ 010 “ra
x
e _%____ q
0.00 . :
) 20 0 % 50 60

Neutron Energy (MeV)

Fig.8: Recoil Kerma values for elastic scattering vs. neutron energy.
» Circles are from Legendre fits to the measurements. Triangles
(for N and Ca) are individual best OMP fits. Solid line: cal-
culations with OMP of Table 2. Dashed line (Ca): coupled chan-

nel calculations.

to which the data point differs from the line is a measure of the
error that results from not fitting the scattering cross sections at
large angles with these potentials. The triangles are calculations
based on the individual best rit. potentials of Petler3) and of
Alarcon'6)., It can be seen that for Ca little error is introduced by
using the spherical potential model instead of the best fit potentials
or the measured values. For the 1lighter nuclei (N and O) the
fluctuations in tre measured values with respect to the optical model
predictions might be attributable to an incomplete description of the
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reaction mechanism. The extracted kerma values are very sensitive to
the detailed shape of the differential cross section which is only
represented in an average way by the optical model. The compound
nucleus mechanism dies away rapidly abover 25 MeV. Sinceb the potential
for O does an excellent job of predicting proton differential cross
sections and neutron reaction cross sections above 25 MeV“'), the
values in Table 2 are recommended for use up to 60 . MeV.

The potential for N is less well established, but the values
given in Table 2 are considered to be a reasonable representation of
the limited data available. .

The dashed line for Ca in fig.8 is from the coupled-channel .
potential of Honoré et al.'5).

4.2 Inelastic Scattering

Partial kerma factors for recoiling target nuclei obtained in
the preseht work are summarized in rig.9. The data points with error
bars are obtained with the Legendre fitting procedure described
earlier. The solid lines are the results of DWBA-calculations 'using
the vibrational model and the potentials of Table 2. In the
experiments, the 3~ state in 160 was not resolved from the weakly
excited 0% state at 6.05 MeV and the 3~ state for 40ca was not
resolved from the neighboring state ﬁt 3.9 MeV. In both cases, the
measured cross sections were analyzed as if only the 3~ state were
present. The 2*, 1~ doublet near 7.0 MeV in 160 was also not resolved
In the measurements, but the cross sections for each excitation were
considered in detaill¥) and the sum of the two contributions is
plotted in fig.9. For convenience in plbtting_, the kerma values
multipled by the stated normalization factors before plotting. Also
shown on fig.9 are the analogous quantities for inelastic Er'o_t_on
scattering for 160,

It should also be emphasized that the quantities plotted in
rig.9 represent only the direct reaction component of the inelastic
scattering to these states. The calculated!¥) compound nucl_ouS
contributions were subtracted from the differential aross section data -
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] N= Normalizaﬂon Factor

o
£

n

o
rad

Kerma Factor x 107°(Gy-m?2)

(=]
(=N

20 30 4 S0 60
Energy (MeV)

S

Fig.9: Recoil Kerma values for inelastic neutron scattering to the in-
dicated states. Solid line€: DWBA calculations with OMP from
Table 2. Deashed line: coupled channel calculation. Squares are

the analogous quaritities from inelastic proton scattering.

before the experimental kerma factors were extracted. For ¥0ca, the
compound nucleus effect 1Is negligible at all energies under
consideration, but for 160 a correction to fig.9 is r-equir-ed.’rAt 18
MeV the kerma factors from fig.9 should be multiplied by 1.25 and 1.35
respectively for the 3~ and the 2%, 1° doublet. These correc;ion
factors decrease to 1.10 and 1.15 at 26 MeV and to 1.0 at 30 MeV and
above. The correction factors ‘themselves are considered to be
uncertain below 30 MeV by + 30%. '

‘ One .sees in fig.9 that the calculations are in reasonable
overall agreement with the measurements. Fiuctuations in the measured

values for 160 are again probably due to an incomplete description of
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the reaction mechanism. The compound nucleus calculations mentioned
above are energy averages and do not include local resonances the
presence at which is clearly suggested by the fluctuations in the
total cross section (fig.1) near 20 MeV.

Confidence in the model for the 100(n,n') reaction would
clearly be strengthend by inclusion of inelastic scattering data at
higher energy. Unfortunately, no such data exists. In this case, it is
extremely valuable to observe that the high precision, well resolvéd
proton inelastic scattering datal8) are well deseribed by the model.

Inelastic neutron scattering from %0ca 1s very well described
by the DWBA calculations using the spherical optical model of Table 2
and by the coupled-channels potential of ref.15. Above the region of
the data (E, > 25.5MeV) the calculations diverge. The potential of
ref.15 was used with good success to describe inelastic protén
scattering up to 40 MeV, and, for that reason, this potential is bpr'o-

pably preferred whenever precise calculations of this quantity are
required.

5. CONCLUSIONS

1. The data base for elastic and inelastic scattering of neutrons
from tissue-abundant elements has been greatly expanded for
neutron energies above 18 MeV. ‘

2. Optical model potentials have been developed that provide good
descriptions of all of the available cross section data in this
energy region. These models can be used for transport
calculations and for analysis of microdosimetry spectra up to
60 MeV. 4

3. Kerma factors have been extracted from the data and compared
with the model calculations with varying degrees of suocess.
The model calculations are generally most reliable at higher

energy where resonance and compound nucleus effects - are
smallest.
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4, High resolution proton scattering data is a valuable source of
. information for verifying the proposed models.

The authors wish to acknowledge the many valuable contributions to
this work of R.Alarcon, J.S.Petler and J.Rapaport.

#*This investigation was supported by PHS Grant Number CA-25193 awarded
by the National Cancer Institute, Department of Health and Human
Services.

+0n leave at Kernforschungszentrum Karlsruhe, Institut fur Kern-
physik I, Postfach 3640, D-7500 Karlsruhe, BRD.
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REFINEMENT OF NEUTRON ENERGY DEPOSITION
*
AND MICRODOSIMETRY CALCULATIONS

‘Randall S. Caswell, J. Joseph Coyne,
Henry M. Gerstenberg, and Robert B. Schwartz
National Bureau of Standards
Gaithersburg, Maryland 20899
UNITED STATES OF AMERICA

Calculations describing the deposition of energy by neutrons in
tissue-1ike materials are usually carried out by the "analytic method”
or the “Monte Carlo method".

Extensions of the equations of the analytic method to include thin
walls as well as thick walls are now available. Furthermore, inclusion
of straggling effects in the analytic method is relatively simple and
has been programmed for computer calculations.

The first step in the analytic method is the calculation of the
“initial" spectra of secondary charged particles generated by the
neutrons. We are preparing tables of initial spectra below 20 MeV.
Two main problems exist in the preparation of these tables: (1) At
low neutron energies the charged particle spectra consist of two very
different parts, a very low energy component due to elastically
scattered recoils from neutrons, and a much higher energy component
due to protons and carbon recoils produced by the *N(n,p)1*C
reaction. (2) Above 5 MeV the carbon and oxygen neutron cross
sections are controversial, particularly for the 12C(n,n'3a) reaction.
This is expected to be an important topic of the present meeting.

The calculation of “lineal energy" or “y" spectra for neutrons is
of interest for microdosimetry. New measurements of y spectra using
filtered reactor beams of 144 keV and 25 keV show good agreement with
calculations, if one accounts for the presence of higher-energy
neutrons in the filtered beams. At 2 keV, however, there is a major
discrepancy between experiment and analytic method calculations which
we do not yet understand.

The possibility of carrying out microdosimetric calculations on a
nanometer scale using track structure information generated by Wilson
and Paretzke is being pursued jointly with Walt Wilson of the Pacific
Northwest Laboratory.

A Monte Carlo code is being generated using the same data base as
our analytic method codes. Although straggling is included in this
code, the chief advantage of the Monte Carlo code is in the correct
handling of events where two or three correlated charged particles are
emitted. Some results of microdosimetric calculations including
straggling will be given.

'Supported in.part by the Office of Health and Environmental Research,
U.S. Department of Energy.
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L. INTRODUCTION

Two calculational methods are usually used to provide physical
information on the process by which neutrons transfer their energy to
1-4] ond the "Monte
Both methods are very much dependent on neutron

tissue-1ike materials: The "analytic method,"
Carlo method*, %73
cross section data in light elements — a major subject of this meeting
— and on stopping-power data. Since other papers will cover the
neutron data aspects, it is our intention in this paper to address the
two calculational methods, and new more sophisticated versions of these

methods which should lead to improved microdosimetry calculations.

2. ANALYTIC METHOD

2.1 Initial and Slowing-Down Spectra and Kerma

The analytic method starts from two secondary-particle spectra:
the initial spectrum, n{E), of the secondary charged particles as
generated by neutron interactions; and the slowing-down spectrum, (E),
of the same particles. The slowing-down spectrum is the average
spectrum of the particles after slowing down in the matter in which the
interactions take place. E is the energy of the charged particles.
These two spectra are related by the equation

E
max

o(E) = g%E—) fE n(E') dE’ (1)

which states that the slowed-down particles at a given energy, E, come

from those in the initial spectra which started at higher energies, and
that the fluence in the spectrum at a given energy is inversely propor-
tional to the stopping power. Note also that the kerma, K, is given

by

Emax Emax
K=f En(E)dE=[  S(E) e(E) dE . (2)
0 0
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Kerma factors (kerma per unit neutron fluence), k §> are usually
not determined from explicit ca]culat1ons of initial spectra as in
. (2), but from cross sections and average energy transfer:8]

((Eq) = TN L2 E(E,) oy (E)] - (3)

The index L identifies the element or nuclide, J is the type of nuclear
reactions, NL is the number of nuclei per gram, and ELJ(En) is the
average amount of energy transferred to kinetic energy of charged
particles in a reaction or scattering with cross section °LJ(En)‘
Equation (3) shows clearly where problems can come in the determination
of kerma factors. First, the cross section, °LJ(En) may be wrong.
Secondly, the.data required to determine ELJ(En)-— such as angular
distributions, excitation of intermediate and final states, energy
spectra of charged particles — may be in error or, more often, not
available. Considerable activity has taken place in the last few years
concérning the cross sections and charged-particle energy distributions
of carbon above 10 MeV. Carbon is easier to investigate experimentally
than oxygen, which is the other key element for dosimetry applications
for which the data are not as good as desired. In particular, the
kerma factor values in this energy region are generally being reported
lower than in reference 8] which was based on ENDF/B-V. Some represen-
tative values of kerma factors in carbon in the range 14-15 MeV are
giveq in Table 1.

Tablg 1. Some kerma factors for carbon in the neutron energy range

14.1-14.6 MeV.
{eutron energy/MeV kg/(10-15 Gy m2) Method Reference

14.1 1.78 £ 0.1 C proportional 9]
counter

14.1 1.84 + 0.19 Magnetic alpha 10]
spectrometer

14.6 1.81 + 0.15 C Calorimeter 11]

14.1 2.24 + 10% Calculated, 8]

based on ENDF/B-V
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In view of the consistency of the kerma factors given here and
elsewhere using different experimental methods, the question
immediately arises, can something be wrong with the calculated value?

Brenner gg»gl.,lz]

argue that the !2C(n,n')3a cross section is probably
too high, particularly around 16-18 Mev; due to the subtraction
technique used for evaluating the cross section and due to over-
reliance on old nuclear emulsion data. Also, in the evaluation of El

use of a nuclear reaction model gives strong forward peaking of the

J’

emitted neutron with the neutron carrying away more energy than
previously assumed, leaving less energy available for the alpha
particles, and consequently smaller kerma. Confirming this general
view are TEPC measurements using absolutely determined neutron fluences
by Bunhler et gl.,13] which show smaller alpha-particle production than
dh\microdosimetry calculations using the data base in reference 8].

The study of various reaction mechanisms is important in
determining ELJ' This has been pursued particularly by Antolkovic
and Dolenec at 14.4 MeVla] and by Antolkovic, glaus, and Plenkovic
for neutron energies up to 35 MeVls] using cyclotron neutrons.
Detailed theoretical analyses of the effect of reaction mechanisms on
initial spectra for 12C(n,n'3a) under the assumption of isotropic
neutron emission have been carried out by Coyne et al.ls]. These are
now being extended to anisotropic inelastic neutron emission.

Before leaving the subject of the initial energy given to charged
particles, we should mention that we are actively working on preparing
tables of initial charged-particle spectra, n{E), for neutron energies
below 20 MeV, and have printed out a number of sample tables. Two main
problems exist: (1) The problem discussed above of what should one
take for the carbon and oxygen partial cross section data above 5 MeV —
perhaps the present meeting will shed light on this problem. (2) The
problem of tabulating the particle spectra over widely dispersed energy
regions while keeping a reasonable number of energy bins. At low
neutron energies, say, below 1 keV, the charged-particle spectra
consist of two parts, a very low energy component, tens of eV, due to
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elastically scattered recoils from neutrons, and a second component
that consists of an almost monoenergetic proton peak near 0.58 MeV, and
a carbon peak near 0.04 MeV, both from the 14N(n,p)l%C reaction. Our
proposed solution to this latter problem is to tabulate two spectra in
the energy range where both components are important, since no single
energy grid will serve for both. It is planned to make the initial
spectra tables available in both book and floppy-disk form for reading
by computers. Elements covered will be H, C, N, and 0, and of course
the tables will be valid for tissues and dosimetry materials in which
these elements are dominant.

2.2 Conventional Analytic Method

We now come to the subject of microdosimetry calculations for
neutrons using the analytic method. The assumptions of the conven-
tional -analytic method are indicated in Figure 1.

(E) "Insider”

nlE) “Starter”

Fie 1. Classes of neutron-induced charged particle interactions with
a cavity.




127

In this analytic method, the charged particles in the cavity are
ejected with the distribution of energies corresponding to the initial
spectrum, n(E). Those in the wall, which is assumed thicker than the
maximum range of the charged particles, start in the wall with the
initial spectrum of energies. By the time they reach the cavity they
have an equilibrium spectrum with lower average energy; we call this
the slowing-down spectrum, ¢(E). The cavity is assumed spherical which
teads to a simple chord length distribution, C(L). The charged
particles are assumed to move in straight lines, delta-ray effects are
neglected, and the particles are assumed to lose energy according to
the continuous-slowing-down approximation (c.s.d.a.). Since delta-ray
effects are ignored, events such as "passers” shown in Figure 1 are
ignored. Based on these assumptions, the distributions of energy
deposited, ¢, for the four classes of events in the cavity are
(neglecting normalization):

D
nnste) = n(E) 50 ARCEL (4)
2 Emax dE
ngrple) =30 £ n(E) I(z) 3(E-0) (5)
D .
nSTP(e) = ¢(¢) {(E)C(L) dL (6)
E
_ max dE

where I(2) is the inside chord length distribution for particles
starting at random in the sphere, and for I(2) in Eq. (5) and C(L) in
Eq. (7) the length must equal R(E) - R(E-¢). '
Because of the importance of neutrons in the keV energy region for
personnel protection, we have carried out some measurements of "lineal

energy" or “y" spectra for filtered reactor beams at 144 keV and %
25 keV, which are compared to conventional analytic calculations i-
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Fig. 2. Lineal energy spectra (crosses) for 144-keV filtered reactor
beam neutrons compared to conventional analytic calculations
{solid 1ine). Cavity size is 1.7 um for both measurements and
calculation.

Figure 2 and 3. In Figure 2 note the generally satisfactory agreement
between experiment and theory. In Figure 3 for 24 keV neutron energy
there is general agreement below about 20 keV per micron, although the
experimental curve is somewhat broader than the calculated curve. This
broadening is probably due to the resolution in the proportional
counter, The area above 25 keV/um in the spectrum is 15% of the area
between 1 and 25 keV/um; this is consistent with spectral measurements
of the contamination of the 24 keV beam with higher energy neutrons {at
74, 135, 280, and 360 keV neutron energies). Some measurements were
attempted at 2 keV neutron energy, which give rather different results
from the calculation. We do not yet understand this discrepancy.



129

2
CXPERIMENT 24 ke¥
CALCULATION 20 keV
1.5+
1.7 pm
=
5 X
> 1
X
4
X
25+
X
X
X
X XXX
e T A T Y T TTrT
] i8 180 1000

y/{keV/pm}

Fig. 3. ‘Lineal energy spectrum for 24-keV filtered reactor beam
neutrons compared to conventional analytic calculations for
1.7 um cavity size. Points were normalized to peak value of
calculation. Calculation used a single energy bin extending
from 14 keV to 26 keV.

2.2 Analytic Method for Thin-Wailed Cavities

The conventional analytic method assumes that the walls are
thicker than the maximum range of the secondary charged particles
ejected by the neutrons. Milavickas and Huu17] have modified Eq. (6)
and (7) so that only protons starting out to a thickness x (a function
of the displacement from the center or eccentricity) are considered.

Equations (6) and (7) become, in the integrated form for a spherical
cavity:
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Ena
nSTp(e) = & n(E) [—gz—s—%%l—l dt (8)
E [ _
o omax , 2[R(E.) - R(E-e)] dE.
"erle) = {0 MED [ 5z S(Er";) Caet (9)

These equations are not as simple as they appear. For example, C -
in Eq. (8) is a function of E and e, not a simpie constant. In Eq. (9)
R(E.) - R(E -¢) is zero unless it is less than C. The results of these
calculations yield a slower buildup of cavity response with wall thick-
ness than is found experimentally. Further investigation is therefore
needed. Hoﬁever, the extension of the‘hnalytic method to the thin wall
case is indeed very interesting.

2.3 Inclusion of Straggling in the Analytic Method

At high neutron energies, for example, 14 MeV, the analytic method
fails to some extent because of the néglect of straggling of protons.
Although it is difficuit to see how to handle delta-ray effects in the
analytic method, straggling can be handled, in principle, with another
integration. If we use a straggling function, P(E,e,e) which gives the
probability that a proton of energy E having an average energy loss £
in the given chord length, will in a particular event loose energy e,
then the integrated form of Eq. (7) becomes to a good approximation:

E -
max 2[R(E) - R(E-e)] 4
(e) = E) [ P(E,e,¢) de . (10)
nerle £ $(E) | P(E,e,¢ 02 S(E-2) €

It is then possible to put in appropriate unit-normalized scattering
distribution functions P(E,e,c) from Landau or Vavilov theory, or those
oased on the track structure calculations of Wilson and Paretzke.lg]

We are now collaborating with W. Wilson in calculations of the latter
type, which can also be extended to nanometer cavity sizes.



131

At present we are using a triangular straggling distribution.
This enables us to check consistency and energy balance in the
calculation. Some results of this kind are shown in Figure 4, The
straggled curve is in the correct sense based on comparisons of
conventional analytic calculations with experimental results,
encouraged by the results so far, but clearly, realistic straggling
functions need to be used before serious comparison is made with

We are

experiment.
0.4-|o'° e e ' S,
14.1 MeV
tum
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Fig. 4. Effect of straggling of protons on y d(y) lineal energy
distribution at 14.1 MeV neutron energy. Curve A ?s the
straggled distribution, and curve B is the conventional
analytic calculation (c.s.d.a.).
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3. MONTE CARLO METHOD

We are developing a Monte Carlo neutron energy deposition code
using the same data base of neutron cross sections and stopping power
as is used for the analytic calculations. We have been able to
demonstrate that the Monte Carlo code and the analytic code give nearly

identical results for cases for which both are valid; for example, see
Figure 5.

Energy Deposition Spectra for Neutrons

1.2¢ (y-Spectra) R
4.0+ —— — Monte Carlo-CSDA (51429 Tracks) )
7t ——— Analytic-CSDA |
=0. v

< 08F . E,=0.1 MeV |
8 " d=1pm
> 0.6+ i
0.4+ Oxygen Cutoff i
0.2- ]

0 : ,

1 10 100 1000

y/(keV/um)

Fig. 5. Comparison of energy deposition spectra for neutrons analytic
versus Monte Carlo, both using c.s.d.a.

An example of the inclusion of straggiing, in this case a
truncated Landau distribution which permits consistency with c.s.d.a.
in the total amount of energy deposited, is shown in Figure 6. The

agreement with exper"huentm:l is slightly better than that obtained with
the analytic method.
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Fig. 6. Comparison of energy deposigﬁon spectra for neutrons of about
211 MeV -energy, experiment versus Monte Carlo straggling.

However the chief advantage of the Monte Carlo code is probably
not in terms of the possibility of handling straggling or delta-ray

effects, but rather to handle correctly events where two or three
A code for this purpose is

correlated charged particles are emitted.
under development, but we do not yet have results.

4.  SUMMARY
Many interesting developments are underway which should lead to
more accurate calculations of the neutron energy deposition process.

In the case of kerma factors for neutrons, improved and verified
For calculations of neutron energy

nuclear data is the primary need.
deposition spectra, increasingly sophisticated calculational methods

should make a major contribution,
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KERMA FACTOR OF CARBON FOR NEUTRONS OF ENERGIES
BETWEEN 14 AND 20 MEV™

H.H. Barschall and P.M. DeLuca

University of Wisconsin-Madison
and

R.C. Haight
Lawrence Livermore National Laboratory and

Los Alamos National Laboratory

For applications in dosimetry and in fusion technology a
knowledge of the kerma factor of carbon for fast neutrons is needed.
Fast neutron kerma factdrs are usuallybcalculated from microscopic
cross sections. For carbon the microscopic cross sections around 14
MeV are not well known. Recent measurement of the 12C(n.n'3a)
reaction cross section, which contributes about a third to the kermé

factor of carbon, differ by a factor of three.

In the present measurement kerma factors are determined directly
by observing the distribution of charged-particle energy depositions
in a small graphite-walled proportional counter. The counter consists
of a 1.3 cm diameter spherical cavity surrounded by a 1.3 mm thick
wall filled with a mixture of Ar and CO, at 60 Torr.

Neutron fluence was determined primarily by measuring activities
produced in the reactions 19F(n,2n), 2Tp1(n,a), and 197Au(n,2n). In

addition, an ionization chamber with A-150 plastic walls served as a
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fluence monitor. Since the plastic contains carbon, an iterative

procedure was applied to correct the kerma factor of the plastic.

Measurements at 14.1 and 15.0 MeV neutron energy were performed
at Lawrence Livermore National Laboratory where a rotating target
which contained tritium absorbed in titanium was bombarded by low-
energy deuterons. The measurements at 17.9 and 19.8 MeV neutron
energy were performed with deuterons accelerated in an electrostatic

accelerator at the University of Wisconsin where a tritium gas target
was used.

The measured kerma factors increased from 1.8 x 10715 Gy m? at
18.1 MeV to 3.6 x 10" Gy m? at 19.8 MeV with uncertainties between 6
and 10%. At the lower energies the measurements are about 20% lower
than the values calculated from microscopic cross sections by Caswell
et a1.1). but at the highest energy the measured and calculated values
agree well. The measurements are consistent with the cross section
measurement at 14.1 MeV by Haight et al.2). and with the recent

calorimetric kerma factor measurement at 14.6 MeV by McDonald.3)
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CROSS SECTIONS FOR FAST NEUTRON INDUCED REACTIONS ON CARBON

L] *
B. Antolkovié®, G. Dietze and H. Klein
*Ruder Bolkovié Institute, Zagreb

* .
Physikalisch-Technische Bundesanstalt, Braunschweig

Twin experiments were performed with a liquid
scintillator and nuclear emulsion to measure the
reaction cross section on carbon in the energy range
from 11.5 to 19 MeV. The total reaction cross
sections were determined with an uncertainty of
about * 4 ¥, while the partial breakup cross
sections are given with uncertainties of 15 to 5 %,
improving with energy. The results are compared with
the ENDF/B-V data.

1. INTRODUCTION

As carbon is the major component of tissue-equivalent fast
neutron dosemeters and organic scintillation detectors reliable fast
neutron induced reaction cross sections are required for many applica-
tions (calculation of the response spectra, KERMA factors etc.). The
evaluation of these cross sections was chiefly based on the differ-

1)

reaction data are scarce. In this paper we describe an experiment where

2) and the nuclear emulsion technique3) were

ence between total and scattering cross sections as experimental
the scintillator method
simul taneously applied. A liquid scintillator and the emulsions, both
acting as a carbon target and a 4 1 detector, were irradiated with
monoenergetic neutrons between 11.5 MeV and 19 MeV produced via the

D(d.n)sHe and T(d.n)4He reactions at the PTB's fast neutron facilities.
2. SCINTILLATION METHOD

Multiparameter analysis was performed for any NE 213 scintilla-
tion event in order to discriminate between photons and background
neutrons. Measurements with different gains delivered scintillation
spectra with a dynamic range of about 800:1. The detector response was
simulated by Monte Carlo methods for the neutron spectrum actually

used but considering only the scattering on hydrogen and carbon. The
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upper part of the spectrum chiefly originatés from proton recoils and
precisely yields the neutron fluence. Above the lowest part of the
spectrum due to carbon recoils a considerable fraction remains which
is attributed to all reactions kinematically allowed, except for the
sequential decay 12C(n.n‘)12C. (7.62 MeV) 3a which cannot be distin—
guished from carbon recoil events. The resulting cross sections are
compared with the evaluated excitation function in fig. 1. The target
thickqesses caused the energy width, while the uncertainties summed up
from statistics (€1 %), n/Y discrimination procedure (~ 1.5 ¥).
determination of zero intercept and carbon light output (~1.5%) and

systematic uncertainties of the MC simulation (estimated to 2%).

3. NUCLEAR BMULSION TECHNIQUE

Nuclear emulsions were irradiated in a neutron field the fluence
of which was measured with a proton recoil telescope (uncertainty

~ 2 %) and/or the scintillator (uncertainty ~ 2.5 %).
8500
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Fig. 1: Carbon cross sections for total neutron induced reactions
(o experimental data, full line evaluated data) and b) (n,n°3)
breakup (o experimental data, dotted line evaluated data)
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The emulsions were scanned in a standard ways). Backgr ound

14N(n.a 7Li)a have been omitted

events pertaining to the reaction
on the basis of the conservation laws (uncertainty ~ 3 %). The 30 and
20 correlations obtained by the eventwise analysis of the raw data
yield information.on the intermediate state excitations of the decay
sequence 12C(n,n')lzc‘(a)aBe.(a)a .

To correct for the loss of events due to the low energy thresh-
old (Eth = 0.45 MeV) the Monte Carlo simulation has been applied,
assuming a three step sequential decay mechanism with branching ratios
for various decay chains experimentally obtained. The uncertainty of
the correction factor is estimated to be 15 % {due to the uncertainty
in the reaction mechanism assumed) and is the main uncertainty in the
low energy region. The statistical uwncertainty is less than 4 %.

The cross section data for the reaction 12C(n,n‘.‘Su) (including
the reaction 12C(n,a1)98e2 4(n,2a), but excluding the

transition via the 7.6 MeV level of 12C)~are presented in fig. 1.

4. CONCLUSION

For neutron energies from 11.5 to 19 MeV the summed cross
section of all reactions leading to charged particle emission as well
as the partial cross section for the breakup reaction 12C(n.n‘301)
without the transition via the 7.6 MeV level of 120 were
determined. The present results deviate from the ENDF/B-V
1) 4)

reaction the branching ratios of various sequential decay chains were

evaluation and recent experimental data '. For the breakup

also extracted. This information as well as reliable angular
distribution parameters for all contributing reactions are needed
before simulated MC-spectra can satisfactorily be fitted to the

scintillator spectra in order to extract the partial cross sections.
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FAST NEUTRON INTERACTION DATA FROM MEASUREMENTS WITH

LOW PRESSURE PROPORTIONAL COUNTERS

Hans—Georg Menzel and Helmut Schuhmacher
FR Biophysik und physikalische Grundlagen der Medizin
Universitit des Saarlandes, D-6650 Homburg (Saar), FRG

Low pressure proportional counters were used to measure kerma
factors for the tissue substitute material "A-150", graphite,
aluminium and magnesium in well defined beams of monoenergetic
neutrons from 13.9 MeV to 19 MeV. A high accuracy was achieved by
application of the cavity chamber principle. The measured pulse
height sapectra provide "additional information on the charged
particles released in neutron interactions.

»

1. INTRODUCTION _
Dosimetry of fast neutrons for biomedical aspplications requires the
knowledge of basic data for interactions of neutrons with low Z nuclei.
A principal quantity in dosimetry of uncharged particles is the kerma,
K, defined as the kinetic emergy transferred in interactions to charged
particles. The ratio of kerma and neutron fluence is called kerma

factor kr:

kf=K/§=¥N1 Tay o
J

1 identifies the nuclide, j the type of nuclear interaction, N is
the number of nuclides of type L per unit mass, €135 is the average
energy transferred to kinetic energy of charged particles in an
interaction whose <c¢ross—section is o1;¢1). The quantity measured
with a proportional counter is absorbed dose which differs in concept
from kerma by implicitly accounting for the energy transport by
secondary charged particles. In many practical cases, however, both
quantities are numerically equal. The conditions to be met are
existence of charged particle equilibrium and negligible attenuation of
the primary beam. The pulse height spectra measured with a low pressure
proportional counter (PC) are determined by fhe energy loss of charged
particles in the gas cavity which have been released in single primary
interactions of neutrons with mainly the detector material. The
spectral information can be used to distinguish kerma contributions from
different types of charged particles.
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2. METHOD

The PC-method offers two principal advantages for the determination
of kerma factors and interaction data for neutrons if compared to
ionisation chambers being the more frequently applied cavity chamber.
(1) The frequency of primary interactions within the cavity is low due
to the low mass of the gas. This is essential . for the accuracy with
which the absorbed dose to the gas can be converted into the absorbed
dose ( = kerma) to the wall. (2) The cavity acts like a aE-detector for
charged particles with ranges in excess of 10-4g cm-2. The
resulting energy loss spectra can be used to identify different types of
charged particles due to their different stopping power. Calculations
for the tissue equivalent proportional counter (TEPC) show that the
spectra are composed of dose contributions by elastically scattered
protons, alpha particles from non-elastic reactions mainly in carbon and
elastically scattered heavy recoils(2). The exact separation of
these contributions in a measured spectrum requires unfolding using
calculations. Approximate separations, however, can be achieved by
simple empirical methods.

3. RESULTS

PC measurements with counter walls made of A-150, graphite, aluminium
and magnesium have been performed in .the well defined beams of
monoenergetic neutrons at PTB, Braunschweig¢3:4:5), The uncertainty
achieved in the determination of kerma factors was about 5 % for A-150
and 7-9 X for the other materials. As an example fluence normalised
spectra are shown for 17 MeV neutrons and for A-150, C and Al in Fig. 1.
The quantity lineal energy y(®> is the quotient of energy
transferred to the gas cavity and the mean chord length of the cavity
(expressed lforA a density of 1 ¢ c@3). The area under each curve
corresponds to the respective kerma factor. Fig. 1 illustrates the
large difference in kerma factors between the different materials, the
absence of recoil protons for the carbon counter and protons from (n,p)
and « particles from (n,x) reactions in aluminium.

The comparison of the measured kerma factors to tabulated values has
revealed some discrepancies to ENDF/B based data for example for carbon.
The comparison of measured spectra and - calculated distributions has

shown that this is mainly due to non-elastic reactions such as
12C(n,n’ )34 7,
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4. CONCLUSION

The PC-method to measure kerma factors - for high energy
neutrons(3.8) provides relevant data for neutron dosimetry in
biomedical applications. This is important because at high neutron
energies kerma is influenced strongly by non-elastic reactions with
low-Z nuclei for which the cross sections and charged particle spectra
are often not well known. The analysis of the measured spectra by means
of comparison to calculated distributions may provide the possibility to
essess basic physical data such as cross sections.

'l'his‘ work is supported by the Commission of tl\xe European Communities
(comtract BI-6-0010-D)
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FEW BODY SYSTEMS
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SCATTERING THEORY AND NUMERICAL RESULTS FOR
’ FEW-NUCLEON SYSTEMS

W. Glockle
Institut fir Theoretische PRysik
Ruhr-Universitat Bochum
D 4630 Bochum 1, West Germany

The theory for three-body scattering is sketched
and applications are shown to elastic nd scatter-
ing and nd break-up reactions. The complexity of
the four nucleon system is described and first -
results are shown.

1. INTRODUCTION _

Few- nucleon systems ‘a.re ideal to test nuclear dynamics;since with
modern computers few-body equations can be solved. The two-nucleon force
cannot yet be calculated neither in conventional field theoretical
models for nucleons, deltas, pions, ... nor on the more fundamental level
of quarks and gluons. However, the theoretical picture of meson exchanges
between nucleons has led to two-nucleon force models, the one- or
two-meson exchange potential " and the Paris potential 2) , which pro-
vide expressions with only a few open parameters. They can be fitted
to the rich set of two-nucleon data, differential cross sections, pola-
risations, depolarisations, spin correlations and deuteron properties.

A potential describing these data, usually given mainly in form of
phase shift parameters, is called "realistic”. The interesting question
is then, whether the realistic potentials also describe three-, four-,
... nucleon systems quantitatively. With the advent of the Faddeev

equations for three particles 3) and the Yakubovsky 1) or Alt, Grass-

berger, Sandhas (AGS)S) equations for four and more particles the
Schrédinger equation could be rewritten into a form, which clarified
and opened the way for its solution and initiated a great number of
studies, theoretically and experimentally.

while a two-particle system has only one asymptotic geometric
configuration a three-particle system has in general four. Two particles

can be bound together or all three are free. The first case leads to
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three -asymptotic configurations with two fragments, the second case is
called the break-up configuration. The three two-body fragmentations

are 1llustrated in Fig. 1 which introduces also the convenient usual
channel notation.

Fig. 1: The three two-
body fragmen-
tation channels

Four particles have in genefal seven two-body fragmentation channels
of the type i,jkl and 1j,kl, six three-body fragmentation channels
ij,k,1 and of course the total break-up channel. That rich structure
cannot yet be controlled sufficiently accurately with available com-
puting facilities, therefore we shall describe only the three-nucleon
System in some detail and mention only some first results for four
nucleons.

2.  THEORY 6) AND RESULTS

The description of scattering based on a time dependent formu-
lation leads to Msller-wave operators, which map states of noninter-
acting fragments in relative motion onto scattering solutions of the
Schrodinger equation.. Analysing the scattering solution for large
times leads to transition amplitudes into energetically allowed final
channels.They have the general structure

4 ivirEes

Here the final channel state 4>{ is a product of bound states for the
fragments and of momentum states of relative motion. It obeys

(Ho +-\/1C-E)+}_=o (2)

where H is the kinetic energy and V the interaction which binds the
fragments The interaction V acts between the fragments and is




146

therefore in terms of the total interaction v
Vx’» - V- V\c (3)

Finally the scattering state initiated in channel i is determined by
‘the MOller-wave operator
EE (+\ ‘ (€ 4) . (a)
E,-QD E+ie - H ¢

with the total Hamiltonian H = H, + V.

For two nucleons V \4 =0 and ‘h 4 are momentum eigenstates.
Using the resolvent identity

1 { { (

2-H =z ticws VI W

eqn.(4) leads to the Lippmann Schwinger equation (LSE) for the two-
micleon scattering state

?° . 4+ GUE® g

Here and in the following the resolvent operators are always taken on ~
the upper rim of the cut like
{
L (7)
= Ua .
Go Yy E+ti-“° . .
Inserting (6) into (1) and using the spectral decomposition of‘ Go in
terms of momentum states #.leads to the LSE for the two-body T-matrix

T=V +V§GT (8)

One solves eqn.(8) conveniently by using the basis states |P (2s)1 >
The quantum numbers are the magnitude of the relative momentum p, the
orbital-, spin-, and total angular momenta 1, s, and j, respectively.
In that basis eqn.(8) decomposes for each j into coupled (tensor force)
or uncoupled integral equations in one variable.

Three nucleons allow two relative motions usually expressed in
terms of Jacobi momenta

Bos sk -B)
Tos SR -E )

x4 . .
or the two cylical permuted pairs (E),?Z) and (p3 ,q3). The kinetic

(5)

(9)
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energy is )
- 3 >t .
H‘o =Pt w o ov=AL3 (10)
(We put 'h’/u,‘ =41 ). It is convenient to denote the pair inter-

actions by \/‘ H ij . The three channel Hamiltonians describing two-
body fragmentations are

H.

= . N (1)
{ Hoi-vt v

and the corresponding channel eigenstates are

C&’; = l\";>l?¢> (1)

In the two-nucleon system there is only one two-body bound state .
Let us regard a scattering state initiated in channel 1

SE @ = Lo 4; (13)
g0 F4+ie - H 1
From eqn.(13) one can derive integral equations with the help of resol-
vent identities
i_ - {
I-H 2-H¢

Choosing i = 1,2,3 we get in cbvious notation .
( ' +)

Y:\ ‘i’, v GQ (V4 V) i' (15a)
(+)

f4(4\ = w '€ G 4} + GL (V3 +\/' ) &1 b (15b)

o
@ . L ie a, 4, ¢ G (v + V) %1(” (15¢)

1. o

(14)

"

Since (h is neither a discrete eigensf.ate of Hz nor H3 the driving
terms in (15b,c) vanish in theé limit €% 0 . We get the triad of LSE's
one inhomogeneous and two homogeneous ones 7). Obviously if we had
chosen the initial channel 2 to determine the scattering state g zﬂ)
eqn. (15b) would have been the inhomogeneous one and (15¢) for the

+
state 3 - As a clear consequence (15a) alone allows the solution

EP = _‘E‘m + gf’ +(5 §;" (16)
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with o ,b arbitrary. If we require that ? should also solve egn.(15b)
then o( has to be zero and similarily ea in the case of egn.(15c). Now
every solution of the set (15a-c) is a solution of the Schrédinger
equation. Are there additional solutions to a given energy E? For E o
a fourth type of scattering state exists which is initiated in the
break-up channel, g,(ﬂ . It is easy to see that it always obeys. inhomo-
geneous equatlons Therefore the triad is necessary and sufficient to

define 5{’ uniquely ). This is now a convenient basis to derive the

Faddeev equations for scattering states or the AGS equations 8) for
transition operators u;' . The elastic and rearrangement transition

- amplitudes in accordance with egn.(1) are given as

(eiU, 1d) = (b 1V, + Vs | f“'

(‘bluul&’) (<&> |V3+V||§P(ﬂ> an
(&yUs [4) = (b3\\4+\41§.‘*’>
Using the set (15a-c) in a proper manner we deduce immediately
W, & = Vp Gy Uy & + Vs GyUs b,

u,, <l>| =V, Gy U-,,Ch 4."VG'u“4> +V<l> (18)
Uy &, = \/Gu..4> f VL6, Uy, &+, 4,

-1
This set links all three two-fragmentation channels. We useV‘b G 4>

an'l\/l G“ ’Tk G°, which introduces the two-body T-matrix embedded in
the three-particle space

. Tb. ) Vk + Vlt G° Tk (19)
Clearly '1‘k sums up the pair interaction vk to infinite order. This
explains the typical Faddeev structure of the kernel in (18), namely
only to link U{4 to U,, with i*j . For a'general initial channel
and keeping in mind that the operators should be applied onto channel
states 2 we get th? standard form of the AGS-equations

Upp = xu o * 2 Tu Go Ung (20)

Their physical content is very transparent by iterating (20) which yields
the multiple scattering series: consecutive scattering events between
different pairs
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uh1=8;LG"+ 2. T + Z_T G Z_T pee (2D

° "y FlUa
+ 4+k nl* N
From egn. (1) the tran51t10n amplitude into the break-up channel is

(41U 14) = (&, VeV, V5 1E ) (22)
Here the channel state 4>° . eigenstate to H,, is clearly
4’, =‘(;:-)\ﬁ-) )" (= 1z, 3 ‘ (23).
Using again the basic set (15a-c) we read off (for general 1) \
Uy = G 2 T G Uiy (20

Therefore the break-up operator can be calculated by quadrature in
terms of the u’b £

For identical particles the three two-fragmentation channels are
indistinguishable experimentally and rearrangement operators are simply
gained from the direct (elastic) one by permuting particles. If we
define

u|cbl) . (Vl 4\/3) lLIs(“> (25)

in terms of the symmetrised scattering state initiated in the two-
fragmentation channel then (20) can be rewritten as

W = ?6" + PTG, U (26)

where P =P, P53 + B3 Puy 1leads from channel 1 to channels 2 and 3.
After angular momentum decomposition the set (20) or egn.(26)
still poses a severe problem in two continuous variables | P'{and | JI.
The exploration of three particle Qynamics in the beginning was there-
fore only possible once the AGS equations were converted into effective

multichannel LSE's for the relative motion of two fragments 9). Then.

after angular momentum decomposition they are one-dimensional.
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A simple way to acchieve this is based on two-body forces of finite

rank
V= 213 G -

To illustrate the basic structure a separable potential (rank 1) is
sufficient. The off-shell two-body T-matrix can be determined alge-
" braically from (19) with the result

T(})- |‘})t(ﬂ Ci}l = I‘})( -;: - (416, l?)y (4| (28)

The two-body bound state with binding energy eb obeys

1) -

o

Consequently the channel state can be represented as

Vi : | (29)
¢ =< 5o |

on shell (30),

when on shell means E = Eb + % T" .+ The transition amplitude can
therefore be written as

QX1 = <7 (316,UG 1917 (1)

and obeys, as should be obvious from (26) and (31), the Lovelace
equation

QXIS = <119
+ (0 CRIZ 1T (E-24) XD

The "potential"” Z is nonlocal and descrlbes the exchange of a particle
between formfactors g of different pairs: )

{12 = <F'lGglra, l‘a)l«[)

That driving term is often pictured as

(32)

(33)
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Fig. 2: The driving term in (32)

is a one-particle exchange
process.

The function T(3) from (28) plays the role of the propagator in the
two-fragmentation channels which is manifest near its pole 2 = Eb:

\
T(e- ?;1‘) ~
10) _-

E- %q"- %
The pioneering work by Amado and following calculations demonstrated
that the elastic and break-up nd processes could qualitatively be quite
well reproduced. These first calculation"s1 zvere carried through with spin
dependent separable potentials which moreover act only in s-states. We
show in Fig. 3 an example for a kinematically complete break-up experi-
ment, in which two nucleons are measured under fixed solid angles
(34 ¢ , D,_ ‘Pl)‘ Energy and momentum conservation impose 4 conditions
which leave 5 independent variables. Therefore the energies E1 and l-:2
are not independent. Events against the arc length of the kinematically
allowed curve in the E ~-E2 plane are shown. ,

(34)

1

40
PO quasi fres scattering + np finel state interection
By » 18 eV
ol Jenn’ J.un® ¢ .m0t
—w
£ e ke ]
$ { owe nKes aa
H
3
£
$
]
3
©
° P S S S VR S S T S S
[} 2 4 ] [ ] 0 12 %

— & ar¢c length (MeV)

Fig. 3: The pd break-up reaction at Ep = 16 MeV.



152

We recognize quasi free scattering and final state interaction peaks.
The two curves use different shapes of (a(f) . (The Coulomb force‘ is
theoretically not included).

Inasmuch meson exchanges are responsible for the NN force local
potentials should be used. A first step was done with the spin-dependent

Malfliet-Tjon potentials 12) constructed for s-waves, which were used

by Kloet and Tjon 13) . In Fig. 4 we show a comparison with a proton
energy spectrum (kinematically incomplete). The structures are due to

n-n and n-p final state interactions.

30 b «4.8° 4
eLAB 48
o data ref 12
a0 odata ref 13 1 ,
- Fig. 4:
Proton-energy spectrum
. 1 for EY% = 14.4 Mev.
> n
§ The solid and dashed
% % h curves are for Malfliet-
- ) Tjon potentials and the
a
3 w0 4 dash-dotted curve for
3 . the separable Yamaguchi
5 J potential.
(o]

0 2 4 6 8 10 12
PROTON LABORATORY ENERGY Ep MevV)

One recognizes that the simple separable Yamaguchi potential yield
similar results in this case. However a systematic search in the entire
three-nucleon phase space revealed regions where the cross sections
depend very much on the potential used.

A next step was the inclusion of p-wave and tensor forces. This

was undertaken by the Grenoble group 14) with the realistic local

soft core potential of de Tourreil and SprungJS). They calculated
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elastic nd scattering and several spin observables at En=14.1 MeV.
A rather good agreement for the differential cross section can be seen
in Fig. 5, while some spin cbservables like the deuteron vector polari-

sation in not well reproduced, see Fig. 6.

iT11"l""‘l"l'}'IT
(mb/sr) '
010 Ena141 MeV "§ 4
150 . ¢AFIORE etal |
» AC.BERICK eal 14.3 MeV n.d 1495Mevpd | V¢
o JCALFRED - 141 - 005

0J.D SEAGRAVE et al

100} 141 MeV p-d

50
1 s 1 '
0 ) 120 180 011116101‘1111;0‘llllﬁo
ec. m.(dng O c.m 929!
'E‘ig. 5: Differential cross Fig. 6: Deuteron vector
section for n-d polarisation

scattering

Calculations of similar sophystication based on finite rank
potentials by Doleshall and Koike describe n-d elastic scattering
data equally well. We show in the table total nd cross sections

from ref. 16) in comparison with experiment.

Table: The total nd cross section for various energies

Lol $ot fot
E,. (MQV) O’p‘l. O ta
3 2.202 + 0.02 2.193

5 1.639 ¥ 0.02 1.649

7 1.337 ¥ o.01 1.348

9 1.128 ¥ o.ol 1.145

14 0.824 ¥ 0.0} 0.823

20 0.603 ¥ 0.006 0.601
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There is however still room for improvement as is seen from the total
16)

shown in Fig. 7.

E |

break-up cross section

oiet(mb)

Fig. 7: The total n-d break-up cross section from Ref. 16)

A set of differential nd cross sections in comparison to calculations

by Doleshall 17) are shown in Fig. 8.

Fig. 8:
Differential nd cross

sections.

98 (01 /mb-art

) 3 [ 20

A recent review on separable interactions can be found in Ref. 18)

which also discusses finite rank approximations to meson-exchange NN
potentials.
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Equally serious studies.on the break-up process have already
appeared 19) and are underway 20). There is good reason to expect that
agreement between experiment and theory will be equally good. However,
one also hopes 2t) that certain kinematical configurations may show
the effect of a three-nucleon force, which is needed to understand the
triton binding energy. Realistic two-nucleon forces alone underbind the
triton by 1 to 1.5 MeV 22) and fi.rst results 23) with the 2T —exchange

three-nucleon force give an encouraging additional binding energy.

Let us now regard the four nucleon system. Faddeev equations have
been generalized by Yakubowsky 4) and AGS 5) to N = 4 and more par-
ticles. For N = 4 it result 18 coupled equations. This number, 4x3
+ 3x2, counts the number of possibilities of selecting an internal pair
in the seventwo-fragmentation clusters. The 18 different chains of

decomposition imto subcluster partitions can also be visualised by
Yakubowsky trees

Fig. 9: Yakubowsky trees for the chains .
(1234)> (123)4 > (12)34-> 1234 and (1234)-> (12)(34) -> (34)12 > 1234.

Using finite rank approximations these 4-body equations are under
study %) but due to obvious complexities realistic results comparabel

to the three-nucleon system have not yet been achieved. We show in
Figs 10, 11 results 25)

based on separabel potentials and various
approximation schemes. ’
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Fig. 11: Differential cross

sections for dd=> p 3He

I want to illustrate the complexity of the four-body system by showing

the Sloan equations 26) - They can very easily be derived by using

L.S.E's. 6). According to egn. (1) transition operators between two-

fragmentation channels, denoted by a2,b2 ... are defined by

bd (;n .
1
<&> DE . 4:L | Qa > . (35)

Here C‘)‘z is a two-fragmentation channel state and 92 the scattering
state initiated in channel ay. Obviously pairs characterlze three-

fragmentation channels and are consequently denoted by ag 3, ... Then
3 4‘_ b means that the pair b3 does not occur within a cluster of b,

2°
The Sloan equations couple the seven transition operators
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ba - -V )
us = %L,a,_ (e~ W, “abs (36)
3
+ 2\, G, L2 Ve G Ve
by ¢ b, AN
The resolvent operators Gb and G include the internal interactions

for fragmentations b3 and é , respéctlvely In deriving (36) one uses
the identity

Z-Ne, =2 (V,-\,)

C3'“- L L 2

™M
<

(37)

The kernel in (36) requires the know how to handle all the subsystems
for 4 particles. Finally va L is the sum of pair interactions common
1%
to a, and b2.
Analysing the richer variety of four nucleon reactions in the
future will consolidate our understanding of nuclear dynamics gained

for three nucleons or may bring up surprises.
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RECENT MEASUREMENTS OF THE n-p CAPTURE CROSS SECTION

P. Leleux
Catholic University of Louvain
Louvain-la-Neuve, Belgium

1. INTRODUCTION

The neutron-proton capture amd its inverse reaction, the deuteron
photodisintegration are in principle attractive phenomena, mostly because
the interaction responsible for this very simple reaction is electro-ma-
gnetic ; this interaction has two nice features : first it is well-known
and second it is weak which means that the perturbation theory at first
order is certainly valid to describe the reaction. We should be thus in
a position to learn something about the neutron-proton scattering states
and the deuteron wave function, i.e. about the nucleon-nucleon strong in-
teraction. In fact, some important problems are remaining, as we will see.

As the talk will be mostly devoted to the description of n-p capture
experiments (up to an incident energy of 80 MeV) it is necessary to say
first a few words about the kinematics of the reaction.

2. KINEMATICS

It is clear that, apart from the deuteron binding energy, half of the
incident neutron energy is used to move the center-of-mass ; the other half
is available as the reaction energy, and is thus partitioned between the
gamma-ray and the deuteron. Because of the very unequal masses of the reac-
tion products, the deuteron takes away a very small amount of kinetic energy
in the c.m. and as a consequence the deuteron is restricted to very small
angles in the lab (e.g. for En = 61 Mev, g™ - 5.5°). At each lab angle
correspond two c.m. angles, the first one for a forward and the second one
for a backward c.m. emission (e.g. at 0° in the lab. one finds the 0° and
180° c.m. deuterons, at 8™X one finds the 90° c.m. deuterons). The
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E
deuteron energy is the lab. is peaked around (7?) with a variation of
+ 20 % around this value.

One should note that this capture kinematics is very different from
the inverse reaction, the deuteron photodisintegration ; in the latter,
apart from the deuteron binding energy, tab. and c.m. systems coincide,
and the neutron and the proton are not restricted to any angular region
in the lab. Both reactions can be related by the detailed balance theo-
rem which in this case is implied by the fact that the electromagnetic
interaction is invariant under time reversal. In the following, this
theorem will always be used.

3. THE EXTREME ANGLE DIFFERENTIAL CROSS SECTION

This is a very interesting observable in the following sense :
suppose one does an experiment in an energy range where the initial n-p
state is mostly a P state ; then if the deuteron was a purely symmetric
object (an 3S1 state), the only electromagnetic transition would be an E1
transition which should give an angular distribution proportional to sinze:
the cross section at 0° and 180° c.m. should then be zero ; it is only the
presence of the 301 component in the deuteron that gives a nonzero cross
section. Calculations had been done long before, particularly in the de-
cisive work of Partovi 1). It was thus a great surprise when in 1976 a mea-
surement done at Mainz 2) was found in desagreement with “the theory"
(figure 1). This work was later confirmed by n-p capture measurements done
at Louvain-la-Neuve 3) and Indiana 4).

1 am coming now to the description of a recent measurement of the 0°
and 180° cross section at 61 MeV done at Louvain-la-Neuve. The set-up is
depicted in figure 2. Neutrons are produced by the Li(p,n) reaction at 0°
induced by 65 MeV protons hitting a 1 cm-thick natural 1ithium target. A
0.7 cm diameter carbon collimator defines the beam spot on target. Behind
the target, protons are bent downstairs by a few cm by a dipole magnet and
they are stopped in an isolated Carbon beam dump where are integrated.
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The neutrons are limited at 0° by a 2 m long conical collimator wikh a
0.8 cm entrance diameter and a 2 cm exit diameter. The proton target

is a liquid hydrogen cell of 2.5 cm diameter and 0.5 cm thickness, clo-
sed by thin (6 um) aluminized mylar windows. The target region is
surveyed by two plastic scintillators : upstream of the target, a 100 um
thick detector (VETO) fires on charged particles contaminating the neu-
tron beam, and downstream of the target a 50 um thick detector (START)
triggers on charged particles from the target ; the latter detector is
also used to select monoenergetic neutrons from the 7Li(p,n)7Be reaction :
for this purpose the time-of-flight between START detector and a capaci-
tive beam pick-off upstream of the Li target is recorded.

Charged particles from the hydrogen target at 0° are selected by a
4.6 cm diameter collimator at 1.15 m from the target, then they enter a
magnetic spectrograph composed of a quadrupole doublet and a dipole
magnet, of 27° bending angle. In the focal plane of the spectrograph,
at 5 m from the target, detectors are located : first a 0.1 c¢h thick
rectangular (50 x 20 cmz) scintillator (STOP), then a hodoscope (H) made
of 23 vertical scintillators (20 cm high, 1, 2 or 3 cm wide depending on
their position, and 0.5 or 1 cm thick) and finally a 0.2 cm thick rectan-
gular scintillator (50 x 20 cm?) (ANTI).

The data taking proceeds as follows : a 25 uA, 65 MeV proton beam
from the Louvain cyclotron bombards the Li target ; the bursts width is
reduced to 1 ns using a slit near the cyclotron center. The TOF between
the START detector and the BP0, as well as the TOF between the START and
the STOP detector are recorded. The amplitude of each detector is also
registered. All parameters are stored on magnetic tape via a CAMAC inter-
face coupled to a computer. A CAMAC gate is defined as START x BPO x STOPx
H x ANTT for a "deuteron" (not only capture deuterons and bremsstrahlung
protons are selected this way, but also €harged particules from neutron
reactions on the target windows and oh‘the START detector), and as START x
BP0 x H x ANTI for a “proton" (mostly n+p elastic protons at 180° c.m. are
selected by this gate, and used for the normalization). ‘Runs are alternated
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between hydrogen and empty target ; the monitor is the integrated current
in the carbon beam stopper. The spectrometer acceptance e(e) inside the.
collimator is calculated by a Monte-Carlo method, for backward and forward.
deuterons and for elastic protons. The transmission was checked using
elastic protons through different collimator diameters.

The data analysis starts by selecting the monoenergetic neutrons
from the START-BPO spectrum ; then two bidimensional spectra are recons-
tructed : the START-STOP TOF versus the hodoscope scintillator (or the’
partigle momentum), and the STOP amplitude versus the hodoscope scintil-
Tator ; both are used to discriminate between protons and deuterons.

The selected deuterons are integrated in the nodoscope amplitude spectra,
yielding the backward and forward deuteron peaks (figure 3),.for which
the signal over background ratio is respectively 0.3 and 0.5. Protons
for the normalization are obtained from the “proton" gate runs, with a
S/B ratio of 40.

Cross sections arB extracted the following way : the measurement
yields the two ratios 1r-and 1;3 each one being equal to a cross section
ratio :

ef
; (Pmax .
. J (do/da) _(e) da ec(e)
f_o
LI §
J max
. (dé/dn)e](e) dn eP(e)

0 J b (dc/dn)c(e) dQ eb(e)

and 1? =
. l (do/dn)e](e) dg eP(e)
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the f, b and p indices stand respectively for forward and backward
deuterons and for protons ; (do/dn)c(e) is the capture cross section ;

(do/dn)e](e) is the n-p elastic cross section ; e(6) is the computed
spectrometer acceptance.

The elastic cross section is taken from a recent phase-shift
analysis 5). The capture cross section is translated into the inverse
reaction in the c.m. system, and it is expressed 1)'as :

g% (6) =a +b sine + c cos 6 + d sin® cos 6 + e sin4e

The coefficients b, d and e are taken from a global fit of all the previous
experimental data 6) : one can then extract (a+c) and (a-c) which are the
0° and 180° cross section values.

The final result is

g% (0°) = 4.70 + 0.25 pb/sr

g% (180°) = 3.90 + 0.40 ub/sr.

The quoted error is purely statistical. Two other errors can be traced
down :

1) The uncertainty on the fitted coefficients (b, d and e) has a very
small effect on (a+c) and (a-c). The additional error is of the order
of 0.05 ub/sr.

2) The normalization to the 180° n-p elastic cross section also brings
some additional uncertainty. Our group has recently measured the back
angle-over-90° cross section ratio 7) for the n-p elastic scattering ;
the measured ratio was in good agreement with a recent phase shift ana-
lysis S . As the 90° cross section absolute value is strongly constrai-
ned by the well known total cross section, the estimated error on the

180° cross section is about 3 % 8).
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The 0° measurement is compared at figure 1 with the other data. It is im-
portant to point out that the "c¢" coefficient is now positive, in good

agreement with the giobal fit 6).

Let us now quickly review some attempts to reproduce the data : as
mentioned above, the "standard model® 1 used a Hamada-Johnston potential
to calculate wave functions, the transition amplitude included terms up
to the dipole-octupole interference and nucleons were supposed pointlike.
Trying different potentials did not help ; an unphysical D-state percentage
was requested to fit the data. Adding higher multipoles was of very small
effect 9). Coming to the third feature, it should be recalled that mesonic
exchange currents are implicitly included in wave functions, for the elec-
tric transitions (Siegert theorem) : thus only the nucleonic electric charge
density (p1) enters the calculations. Algromising way has been recently
to add "relativistic corrections" to Py (see figure 1).

However, in view of the importance of those relativistic corrections,
a fully relativistic theory should be developed (potentials e.g. are non-
relativistic). For a complete description of the calculations see ref. 11.

4. THE TOTAL CROSS SECTION (ct)

The constant term in the angular distribution which is overestimated
by all the calculations enters oy as a “4ra" term. Unless there is some
cancellation with other coefficients, calculations of oy should also be in

desagreement with measurements.

In fact the situation is not clear : in the 20-100 MeV neutron energy
range (corresponding to about 10-50 MeV y-rays for the photodisintegration),
calculations were very stable versus e.g. the nucleon-nucleon potential and
differred by at most a few percent from the so called "pole cross section",
which is the incoherent sum of a pure E1 and a pure M1 contribution using
asymptotic wave functions, possibly with an effective range correction 12).

A fit of all the existing data 6) until 1982 did not show a strong desagree-
ment with calculations. Recently however, measurements done at Rossendorf 12)
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7)

whereas a photodisintegration measurement performed at Frascatti
showed no centradiction with Ipole (figure 4). It is interesting to

and Louvain-la-Neuve were not in agreement with the calculations,

13)

note that the introduction of the relativistic corrections into the elec-
tromagnetic operator (see 3.), had some influence also on the total cross
section in the sense that calculations done with different potentials are

now 10) much more scattered than before.

A measurement of‘ot is presently underway at Louvain-la-Neuve. The
principle is simple : a large scintillator (65 x 65 cmz), viewed by 8
photomultipliers is located at 2 m from a liquid hydrogen target, in or-
der to cover the entire solid angle of the deuterons. In this case, the
neutron flight path from the lithium to the hydrogen target is larger
(6.7 m) to ensure a better energy selection of the neutrons. Protons
elastically scattered at a forward lab angie (7°, or 166° c.m.) are
detected ina 3 x 3 cm2 scintillator and used for normalization. Deute-
rons are selected in a bidimensional spectrum, the amplitude of the E
scintillator versus the time-of-flight between the hydrogen target (in
fact, a thin scintillator downstream of the target) and the 'E scintillator.

5. THE HARD BREMSSTRAHLUNG

In a n-p "hard” bremsstrahlung (n+p > n+p+y), the y-ray carries away
as much energy as it is allowed by the kinematics (i.e. about half the
neutron lab energy). This means that very little is left over as internal
energy to the outgoing n-p pair, which simulates perfectly the unbound 1So
deuteron state (the so-called d*).

Having a small relative energy, the n-p pair has also a small relative
angle in the lab and both nucleons can be detected and localized in three
successive sets of detector planes located around 0°. The first two are
made of 10 x and 10 y 40 x 4 cm? strips of 1 mm thick scintillator to lo-
cate protons. Neutrons are detected in third plane made of 100 plastic
scintillator blocks (4 x 4 cmz, 5 cm thickness). A cofincidence is requested
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between a neutron and a proton detector. Data were taken and are
presently analyzed. They will also give more insight on the non-coplanar
bremsstrahlung events which were not studied before.
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FIGURE CAPTIONS

Figure 1 :

Figure 2 :

Figure 3 :

Figure 4

0° deuteron photodisintegration c¢ross section versus y-ray

energy. Black dots are from Mainz 2)

; the remaning three

data are n-p capture data translated into photodisintegration :
cross (Louvain-la-Neuve 3')), triangle (lndiana4)) and open dot
(Louvain-la-Neuve, present work). The solid curve is

Partovi's calculation, the dashed curve is-from Cambi et al. 10).

a : Neutron source
b : Set-up for the measurement of the 0° and 180° n-p capture
cross section.

Backward and Forward deuterons from n-p capture after substrac-
tion of the empty target contribution.

: Total capture or photodisintegration cross section versus y-ray

energy, normalized to pole 12).
)

of a global fit to all data prior to 1982. Open dots are

measurements at Louvain-la-Neuve 8), crosses are photodisintegra-
14)

The hatched area is the result

tion data from Frascati
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A KINEMATICALLY COMPLETE n-D-BREAK-UP EXPERIMENT AT E_ = 13 MeV+)

K. GeiBdorfer, R. Lin, A. Strate, J. Bottcher, J. Cub, E. Finckh, G. Fuchs,
B. Kratz, S. Schindler, M. Seiter; W. Tornow*)

Physikal. Institut, Universitidt Erlangen-Nirnberg, Erlangen, West Germany

At the Erlangen Neutron Scattering Faci]ity1) a well-collimated neutron
beam is produced via the D(d,n)3He reaction. The iron collimator is em-
bedded in a solid concrete wall of 120 cm thickness which-compietely
separates the experimental hall from the neutron source. We are investi-
gating the n-D-break-up reaction in a kinematically complete experiment.
The proton energy is measured in a deuterated NE 232 target scintillator.
After a flight path of 45 cm the two outgoing neutrons are detected by
22 NE 213 scintillators positioned symmetrically to the beam axis. This
arrangement is necessary for the planned measurement of the analyzing
power and doubles the count rate of the cross section measurement. Four
of these detectors are placed out of plane, forming space star configu-
rations with detectors in plane. More than 30 different break-up confi-

gurations including FSI, QFS, collinearity, space and coplanar star are
measured simultaneously (see fig. 1)

FSI: Final State Interaction
COLL: Collinearity

[] 8 | Fst [] X X X X X QFS: Quasi Free Scattering
CST: Coplanar Star

SST: Space Star

veyd vy

memdﬂngqwqﬂqJQWqﬂt

ol X X X X ['‘H one neutron energy below
threshold (== 400 keV)
Fst | colL X X X X: kinematically not allowed
SST § SSY | oST coLL 8 M
OFs fFsi fcow 9
st Fsi The azimuth angle is ¢ = 180°
for all detector combinations in

plane, 9 = 120° for a combination
with one detector out of plane
and 9 = 60° for two detectors out
SsY [] g - of plane.

,5°]50,5°] 10 l 39° lso.s°[sz.s°l7s,5?l %° ]xxo° ]1309

bove joelow

S§T [ [}

aoqefno|eg

in plane

Fig. . 1:

Angular positions of the neutron detectors. Break-up events are simul-
taneously measured by each detector on the one side in coincidence with
each detector on the other side and the central target detector.

+) supported by Deutsche Forschungsgemeinschaft
*) Universitdt Tiibingen, now at Duke University, North Carolina, U.S.A.
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For each break-up event the proton energy, the time-of-flight of both
neutrons, their flight time difference and the proton recoil energies in
the NE 213 detectors are recorded. Additionally the elastic n-D-scatter-
ing is measured for on-line control of the experiment and shall be used
for normalization of the break-up cross section.

Due to effects of the finite geometry of the experimental set-up the data
are spread around the exact kinematic curve (S-curve), see fig. 2. A
Monte-Carlo code simulates all experimental uncertainties and calculates
probability factors, which are used to reallocate the measured events
back to the S-curve. In addition this method sets windows for the three
particle energies, which further reduce the background of break-up events
induced by Tow energy neutrons.

10 FIT-RORF TLORATTOR Counts E£aergie-Suase:
€2 Polarwintel a1: 39 08190 .

. Pojorwinrel a2: 62.5 4
1 .. AZymytalvinrel: 180.0

nev) |

2 4+ & 31012
10 .8Hev

Coeats Delta-TOF:
23¢ .

<56 <25 0 25 S0as
Counts Ruecrstoss:
37e

111)

T v Y
2 2 . S L]

Fig. 2: 1 7 SMevSEL1e  xev 186 208 360
Break-up data of the np-FSI. Plotted is the energy of neutron 1 versus the
energy of neutron 2. The solid line shows the exact kinematic curve.

[) tnergy sum of the three nucleon energies

I1) Time-of-flight difference of the two neutrons

II1) Proton recoil spectra of the neutron detectors

Fig. 3 shows preliminary differential cross sections of four special con-
figurations. The data are corrected for flux attenuation in the target

. and for relative detector efficiencies. The cross section is normalized
to a Fadeev calculation*’ based on a simple two nucleon potential (modi-
fied Bruinsma-Stuivenberg code). The size of the error bars results from
statistics (about 120 hours beam time) and uncertainties due to detector
efficiencies.

To obtain better energy resolution and to increase the count rate further
measurements will be performed with a neutron flight path of 70 cm and
larger detector volumes. Measurements of the analyzing power are in pro-
gress.

+) We thank Dr. Krug and Dr. Lekkas, Bochum, For these calculations.
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Fig. 3:

an;%%;a§ of four special D(n,nnp) configurations. Solid lines are Faddeev
calculations (modified Bruinsma-Stuivenberg code).

a) FSI: 8, = 17°, 9, = 110°, ¢ = 180°

b) FsI: 8, = 39°, 8, = 62.5%, ¢ = 180°

c) Coll.: 8, = 50.5°, 9, = 62.5%, ¢ = 180°

d) Space Star: 8; = 0, = 50.5%, ¢ = 120°

Reference
1. Blaqk H. et al., Nucl. Instr. and Meth. A240, 311 (1985)
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EVIDENCE FOR A SIMULTANEOUS BREAKUP COMPONENT
IN NUCLEON SCATTERING ON CARBON

B. Antolkovié
Ruder Boskovié Institute, Zagreb, Yugoslavia

The continuum of the 12C(p,p') and 12C(n,n’) energy spectra,
underlying the peak structure is analysed in terms of the phase
space spectra of the kinematically allowed three- and four-body
final states: N,u,eBe and N,a,a,a. A good agreement obtained
with the experimental data yields a strong evidence on the pre-
sence of the simultaneous breakup reaction mechanism in the nuc-
leon scattering on carbon.

1. INTRODUCTION

The particle spectra from the interaction of light nuclei generally
exhibit large continua which can be attributed to i) transitions to broad
resonant levels, ii) peripherai phenomena (QFS and FSI) and iii) other
phenomena resulting in several particles in the dutgoing channel. The
first two processes have been extensively studied, but the third one,
though representing a large part of the continuum, has been treated as
a background and more or less arbitrarily subtracted.

ﬁecent studies of the continuous inclusive particle spectra from
the reaction and particle scattering on light nuclei have shown that a
considerable part of the total cross section is due to a simultaneous
n-body breakup, a process with a constant matrix element and hence with
a -phase-space-like energy distribution1-5).

Since carbon is a light nucleus the energy spectra in nucleon scat-
tering on 12C have been analysed in terms of the simultaneous breakup

'nechanism, with the aim to inveatigate the role of this mechanism in re-
actions-indgcéd on carbon, and if so, to calculate the shape of the ener-
gy spectrum of the continuous contribution. This spectral shape is highly
needed for correct subtraction of the continuum from the total spectrum

in order to obtain proper data on the supperimposed peaks.

2. DATA. ANALYSIS

The energy spectra of protons6) (E°=us MeV) and neutrons7) (E°= 24

MeV) scattered on carbon are shown in Fig. 1. Both spectra show a dis-
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tinct peak structure due to nucleon scattering via different 12C states,
but also a continuum starting with a steep rise beneath the second
excited 7.65 MeV level of 12C. The Q values for the N,u,sBe and N,a,a,a
breakup processes are -7.37 and -~ 7.27 MeV, respectively. It is thus
obvious that the onset of the continuum in the vicinity of the 7.63 MeV
level is due to the 3-body and/or #4-body breakup.

In Fig. la the so0lid curve represents the phase space spectrum
which is the sum of the 3- and U4-body phase spaces and the dashed curve
is the phase space spectrum for the 3-body breakup alone. The wiggled
80lid curve in the first 10 MeV of the excitation range above the 3a
threshold is the background as evaluated by the authors6).

The neutron spgctrum at Eo=22 MeV is shown on Fig. 1b with the full
line indicating the evaluated continuous background. The spectrum repre-
sents the raw data (not corrected for the detector efficiency, etc.).
The con®‘nuous component of the spectrum has been subsequently transfor-
med to yield the 12C excitation spectruma). This was done for a set of
angles (0220°-56%) and for E =22 and 24 MeV. Fig. 2. shows two typical
12C excitation spectra and oﬁr fit to the experimental data with a com-~
bination of 3- and 4-body phase spaces. The fit describes satisfactorily
all sets of angles, though it is only qualitative, due to a narrow

energy interval of 12C excitations available.

8,

-

COUNTS

LW B a8

o;—u#a' I

" e rie e ., % £ de

Fig. 1. Energy spectra of a) protons and b) neutrons.
For details see text.
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Fig. 2. Excitation spectrum of 120. For details see text.

3. CONCLUSION

A good fit obtained in the analysis of the energy continuum of the
(p,p’) and (n,n’) scattering on carbon by a combination of 3~ and 4-body
phase spaces yields a strong evidence of the presence of the simultaneous
breakup reaction mechanism in the nucleon scattering on carbon. The ana-
lysis also shows that special care should be taken in extracting the
data for levels occuring near the 3-body threshold since a steep rise
of the continuum contribution is present there. Experimental spectra
in a larger range of excitations and angles are highly desirable to
obtain quantitative data on the continuum component. This is of special
interest when peaks of low intensities (obtained at backward angles)

have to be unambiguously extracted.

REFERENCES

1. Peié, G., Antolkovié, B., Djaloeis A., Bojcwald J., Mayer Bsricke C.,
Phys. Rev. C28, 841 (1981)

Z.MMMTK,w%umcm,%th.md%ﬁG”PM&RW.QL1W6
(1983)

3. Antolkovié B., Paié G., Kadija K., to be published in Few Body Systems

4. Kadija K., PhD. thesis, Zagreb University, 1985.

5. Kadija K., Paié G., to be published in Phys. Rev., C.

6. Petersen E.L., 3laus I., Verba J.W., Carlson R.F. and Richardson R.,
Nucl. Phys. A102, 145 (1967).

7. Meigooni Ali S., Petler J.S. and Finlay R.W., Phys. Med. Biol., 29,
643 (198%4)

8. Finlay R.W., private comunication.

This work was supported in part by the NBS, JFP-688 Yu-US grant.




180

QUADRUPOLE SPECTROMETER MEASUREMENTS
OF (N,CHARGED PARTICLE) CROSS SECQ}ONS
OF BE, N, AND O AT Ey = 14 MEV

Robert C. Haight

Los Alamos National Laboratory+ and
Lawrence Livermore National Laboratory
Los Alamos, New Mexico 87545, USA .

Neutron-induced reactions that result in charged
particles are of importance in basic and applied nuclear
physics. For light nuclei (e.g. A <20), reaction models
are more complicated because the level density of excited
states does not allow statistical averaging over many
final states. The matrix elements between many individual
stztes must be known to calculate cross sections and
seldom is this information available. Direct measurements
o. the cross sections are therefore necessary to provide
data for applications. These (n, charged particle) cross
sections are required for nuclear data bases in the
calculations of fusion and fission reactor performance
including neutron transport, heating, and radiation
damage. They are also necessary for dosimetry.

The present measurements are a continuation of the
program in (n,charged particle) reaction studies using a
magnetic quadrupole spectrometer.l'4) Targets of Be, N
and O were chosen because of the importance of these
elements in fusion reactor design and, for N and 0, in
biological materials. We expected to. observe charged
particles with low energy since, for each target, there is
a three- or four-body final state consisting of one or
more alpha particles. The experimental arrangement was
therefore similar to our previous study of the
12C(n,n'3 alpha) reaction.?4) Some details are that the
targets were Be (0.25 mg/cm'2 on a thin gold backing), N

{in the form of TaN, 0.3 mg/cm'z, on either thin Au or Ta
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backings), and O (in the form of WO; on a Au backing).

The angular range from 30 to 135 degrees was studied for

alpha particles above 1 MeV.

The energy distribution of alpha particles detected
at 30° from the beryllium target is shown in Fig. 1.
Reactions leaving residual SHe in the 1.8 MeV state are
indicated by the resolved peak at 9.6 MeV alpha-particle
energy. This particular reaction contributes only a small
part of the total alpha particle production, the majority
being continuum alphas from the four-body decay channel.

A much different spectral shape is found for alpha
particles emitted from the nitrogen target, also at 30
degrees (Fig. 2). Here a large part of the total alpha-
particle production is given by discrete transition to
excited states of 11p. Again there is an apparent
continuum of alpha particles at low energy suggesting that
multibody final states are contributing. This result is
similar to that for oxygen where the transition to the
ground state of 13¢ constitutes a large part of the total
alpha-particleAproduction cross section.

These preliminary data are being reduced to angle-
integrated cross sections where they will be compared with
other (n,charged particle) data and with the total helium
production as reported recently by Kneff et glés)
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INTERACTION OF NEUTRONS WITH 9Be AT 14.6 MeV -

THE FOUR BODY BREAKUP 2n+2a

D. Ferenc, B. Antolkovié, G. Paié, M. Zadro and S. Blagus
Rud jer Boskovi¢ Institute. Zagreb, Yugoslavia

Measurgd alpha particle spectra in the angular range
0°-100" and complementary neutron spectra from the
literature have been analyzed in terms of a combination
of sequential and simultaneous breakups. The results
show that ®50% of the total inslastic gross section is
due to simultaneous breakup n+ Be-n+a+ He, while the

remainder is mainly due to neutronginelastic scatter-
ing to the three excited states of “Be: 2.43, 6.76

and 11.28 MeV.

1. INTRODUCTION

Nuclear data on neutron induced four body breakup n+9Be*2n+Za are
considered as high priority data for fusion reactor technology, speci-
fically for blanket application. Besides the cross section, the reaction
mechanism and the angular distributions of the outgoing particles should
be known as well, since they both may influence considerably the spec-~
trum of secondary particles. ' ) :

So far, alpha particle spectra have been measured only with the

aim to determine the contributions of o, and 6Heo leading to the

ground and 1.8 MeV excitation of 6He. The alpha cé;tinuum has, however,
not been studied in details. The present experiment was performed with.
the aim to measure the alpha particle spectrum and to make a comparative
analysis of the measured a spectra and of neutron'apectra from Takahashi

et al.1

2. EXPERIMENTAL PROCEDURE

The measurement was performed at 14.6 MeV. The alpha particles

9

from the interaction of neutrons with “Be were detected using a standard

telescope counter system consisting of two hydrogen filled proportional
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AE-counters. A surface barrier Si detector was used to measure the
residual énergy. The 9Be target was a 2.3 mg/cm2 thick foii mounted
onto a gold backing. The detection threshold for alpha particles start-
ing in the middle of the target is 3 MeV. The residual energy spectra
were corrected for energy losses in the target énd AE counters, and

further processed to obtain a linear energy scale.

3. ANALYSIS OF DATA

The a particle and neutron continuum of the 2a+2n final state
is due to the reaction channels proceeding via the particle unstable
states of 9Be, 6He and 5He, as well as to the 3-body n,a,SHe (with
subsequent decay 5He~a+n) and 4-body 2n,2c simultaneous breakub.

In course of the analysis it has been found that:

- The most important contribution to the neutron inelastic scat-
tering is the transition to the 2.43 MeV state of 9Be. All decay frag-
ments occur in the low energy part of the alpha and neutron spectrum.

~ The contribution of inelastic scattering to 9Be levels above
2.43 MeV is relatively small and spread over a large energy region. It
is thus unable to account for the cortinuum observed.

9Be(n,SHe) may be assumed to have approximately

9

~ The reaction
the same crcss section as the Be(nFHe) reaction (®10 mb), since both
can be interpreted as pickup reactions of alpha or 5He particle, respec-
tively. '

Based on the preceding statements, we conclude that the above
mentioned reaction channels are responsible only for a fraction of the
continuous alpha and neutron spectra and that a considerable part of
the total cross section is due to a simultaneous breakup intc the avail-
able phase space. Satisfactory fits to the experimental data may be
obtained using only the 3-body breakup channel. The 3-body breakup was
calculated by the Monte Carlo method simulating complete events in the

simultaneous(nl,ul,SHe)—sequential(sHeﬁa n2) decay chain. In fig. 1 we

+
2
show a typical qualitative fit to a neutron spectrum with n, and n, com-

ponents of the 3-body breakup channel and of the sequential decays
9Be(n,n1)9Bei(2a,n2) (i being the 2.43, 6.76 and 11.28 MeV level of
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9Be). Adopting the same criteria for alpha particle spectra, we have

obtained similarly good qualitative fits.

o

+ 407 %Be(n,n)°Be; E=W1MeV ; ©=15

> +~ 263 ¢4
> 128

T 307 n-n

("]
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W

o .
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D
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EpMev
Fig. 1. Neutron spectrum. For details see text.

4. CONCLUSION

The analysis of alpha and neutron spectra created by interaction
of 14 MeV neutrons with 9Be has proved that a very satisfactory fit may
be achieved invoking only direct processes to the 2.43, 6.76 and 11.28
MeV states of 9Be, and the breakup of the n+gBe system into n+a+5He in
a statistical way. This is in contrast to the treatment of the same
spectra attempted by Perkins et 31.2 introducing many different levels
of 9Be that are usually only weakly excited both in (p,p’) and (n.n’).
The-contribution of the statistical breakup accounts for =50% of the

measured cross sections in the analyzed angular range.

This work was partially supported by the International Atomic Energy
Agency (Contract No 3312/RB), Yu-US grant (NBS, JFP-688) and by SIZZR
of SR Croatia (Contract No O7/NE).
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4 6 7 .+
H AND (n,qx) REACTIONS ON Li AND Li

P. Miljanié, S. Blagus, M. Zadro and D. Rendié
Rudjer BoSkovié Institute, POB 1016, 41001 Zagreb, Yugoslavia

The cross sections for the 6Li(n,ax) and 7Li(n,ax) reactions have
been measured at 14.6 MeV by the detection of o-particles in coincidence
with other charged particles (x). Prominent structures in the coincident
a-particle energy spectra have been observed only in the case of 7Li.
They could be attributed to the processes involving state(s) of 4, A
calculation using 4y ground state parameters (E,=2.7 MeV and ¥2=2.3 MeV)
as obtained from the most complete study of the 7Li(#,tt)n reaction
fits satisfactorily the higher part of the spectra.

NUMBER OF COINCIDENCES

o
T

i

60

CHANNEL NUMBER

. 7 .
Fig. 1 Coincident g-particle spectrum from Li{n,ax) reaction

*The complete version is going to be published in Physical Review C.
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D-T NEUTRON SOURCES

H.H. Barschall
The University of Wisconsin, Madison, WI 53706 USA

An update of the status of D-T neutron sources is
given, including some historical background and a
review of recent developments in the construction,
operation, and planning of D-T sources.

1. INTRODUCTION

In 1979 the present author reviewed D-T neutron sources. This
review was published in 1983 as a chapter1) in the book "Neutron
Sources for Basic Physics and Applications"™. In 1984 additional
information about D-T sources, especially developments in Eastern
Europe, was reported at a symposium held in Gaussig (GDR) under the
heading "Neutron Generators and Application".Z)

The present report is an attempt to prbvide some historical
background and to review recent developments in the manufacturing,

operation, and planning of D-T neutron sources,

D-T sources have the advantage over other neutron sources that
they are relatively compact and intense and do not emit gamma rays.
They have the advantage over radioactive sources that they can be
turned off or pulsed and that they produce neutrons with a small
energy spread. On the other hand, they have the disadvantage that for
some applications the source strength cannot readily be made as high
as is desirable, that the eneégy of the neutrons cannot be varied very
easily, and that tritium is a hazardous material.
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Until the relatively recent past the advantages of D-T neutron
sources appeared to outweigh their disadvantages, but more recently
the interest in D-T neutron sources has decreased to the extent that
many of the commercial suppliers no longer manufacture such sources
and many fewer D-T sources are operating now or are being planned for

the future than ten years ago.

2. USE OF D-T SQURCES FOR NUCLEAR PHYSICS

Shortly after appreciable amounts of tritium became available,
the first D-T neutron source was developed at Los Alamos early in
1948. It was immediately used to measure neutron interaction cross
sections at 14 MeV. At the time, very little was known about the
interactions of 14 MeV neutrons so that a large body of information
could be gathered in a short time. As might be expected, the first
experiment we did was to measure the angular distribution of 14 Mev
neutrons scattered by protons, and this was published in 19&9.3)

Now 14 MeV neutron sources are rarely used for studying the
properties of nuclei, but there remains an active interest in
measurements of the nuclear interactions of 14 MeV neutrons for
applied problems. Even though D-T sources produce large fluxes of
neutrons of known energy, the results of measurements are often
surprisingly inconsistent. As an example, recent measurements"'S) of
the cross section for the reaction 12C(n,a) differ by a factor of
almost three. This cross section is particularly important for
applications. There are other important cross sections for which
different measurements do not agree well. Qne reason for differences
in the results of various measurements may be that the effective

6)

neutron energy may differ. The effective neutron energy depends on

the tritium distribution in the target if a solid target is used, and
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on the deam composition if an unanalyzed deuteron beam is used. The
interaction cross section, especially of light target nuclei, may vary
rapidly with neutron energy, which may exXplain scme of the
inconsistencies. In spite of the importance of some of these cross

sections, few such measurements are in progress.

3. ROTATING TARGET NEUTRON SCURCES - A BRIEF HISTORY

In 1963 the head of our radiotherapy department visited me to
tell me about recent successes in the use of fast neutrons in the
treatment of malignant disease. He had just returned from London,
England, where a cyclotron was used as a neutron source, and he was
wondering whether a D-T neutron source might be preferable.

1 expressed doubt that a solid target could provide enough
intensity, but mentioned the possibility of using a gas target. To my
Surprise I found out that this casual remark led to the construction
of a gas target source at our university. This source is still in
active use for radiobiological experiments, but it has never been used
for therapy.

when I looked through the literature, I found a 1967 abstract7)

- that described what was by far the most intense D-T source. It had
been built by Rex Booth at Livermore and produced close to 2 x 1012
neutrons/sec. 1 visited Rex Booth and was impressed by the cléver
design of the rotating target that made the high source strength
possible. Rex Booth was enthusiastic about working with me on trying
to increase the source strength. One of the first experiments we
tried was to see whether we could increase the source strength by
using simultaneously atomic and molecular deuterium ions; only atomic

ions were in use at the time. To our surprise, -we found that even a
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small admixture of molecular ions resulted in a rapid decrease in
source strength. We quickly realized that the molecular ions displace
tritium in the target at a depth where the atomic ions produce the
highest neutron yield. This explained why the Livermore target lasted
so mucn longer than targets at generators which used an unanalyzed
deuteron beam. Although we published this observationa) in 1972, it
was not gerierally accepted. For example, the D-T generator built by
Radiavion Dynamics for the Eppendorf hoshital in Hamburg used an
unanalyzed beam in spite of the fact that I had tried to persuade them
of the problems this would cause. More recently a small separation of
the atomic and molecular beam on the target resulted in a six-fold

increase in target 1life time.g)

To increase the output of the Livermore source we acquired a
larger nigh voltage power supply which permitted the beam current to
be increased from 8 to 25 mA. To maintain a good target life time the
diameter of the rotating target was increased from 15 cm to 22 cm.
With these changes a neutron source strength of 6 x 1012/sec was
attained in 1975. This source strength should have been adequate for
the use of this source for radiotherapy, but by that time the National
Cancer Institute had been persuaded that the Cyclotron Corporation
could manufacture a closed tube D-T source for therapy, and there was

no interest in developing the Livermore design for hospital use.

When it became known that there was an intense D-T source
available, material scientists interested in the fusion program began
to use the source for studies of radiation damage produced by 14 MeV
neutrons, but the available intensity was only marginally useful. We
decided that a new facility built on the rotating target design could
achieve an increase in source strength by a factor of five, and

possibly even by a factor of ten. Even that was less than what was
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needed to learn what would happen in a fusion reactor, but the cost of
building a larger rotating target source was by one or two orders of
magnitude less than the cost of building other facilities that were
being proposed for materlals test facilities for fusion reactors. In
1976 tne U.S. Department of Energy authorized the construction of a
new facility containing two high-intensity rotating target D-T sources
at a cost of five million dollars. The first source becéme
operational in 1978, the second in 1982 following an agreement with
the Japanese government providing for joint funding of the operation

of the source.

After this brief review of my own involvement in the use of D-T
sources let me return to an overview of the applications of such

sources.

4, APPLICATIONS OF D-T SOURCES

I have mentioned the use of D-T sources for obtaining nuclear
data for pure and applied nuclear physics. A second area of
application of D-T sources i{s in activation analysis to detect
elements that do not readily produce observable activities with slow
neutron irradiation, and for the detection of fissionable materials
for safeguards applications. Although this is in principle a useful
method, it does not appear to have wide uses. Whenever there are
threats of explosives on airplanes, the discussion of the use of D-T
sources for the detection of explosives in baggage resumes. The idea
1s to look for objects which have a high nitrogen content, but so far

no such detection devices are in use.
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A third area of applications of D-T sources is for geophysical
exploration. Small diameter sealed tubes are widely used in
boreholes, but probably this is of limited interest to nuclear
physicists. Details about geophysical applications are often
considered proprietary by exploration corporations and few details

about this application are available in the scientific literature.

Ten years ago a promising application of D-T neutron generators
appeared to be in radiotherapy. A compact neutron source that could
be moved around the patient would have great advantages over a
cyclotron which has a fixed beam. 14 MeV neutrons are more
penetrating than the neutrons from 16 MeV deuterons on Be which had
been used in England,1°) 80 that such neutrons could be used for
treating more deep seated tumors.: As a consequence, several
manufacturers developed D-T neutron generators for radiotherapy which
were Installed in hospitals. All but one of these generators used
sealed tubes to avoid the problem of having to handle tritium in a
hospital. While it is relatively easy. to build sealed-tube generators
for low intensity applications, the problems with trying to get high
intensity turned out to be much greater than 'the manufacturers had
expected. In order to keep treatment times down to the order of 10
minutes, source strengths of the order of 5 x 10123'1 are needed, and
none of the D-T generators achieved such an intensity. At the same
timé radiotherapists became more interested in using neutrons of
higher eénergy than 14 MeV in order to get even better penetration into
tissue. . The use of small superconducting cyclotrons appears to be a
much more promising approach to obtaihing high intensity and

high-energy neutron sources than D-T generators.

The early successes of neutron therapy could not be reproduced at

other hospitals, and the question what caused the difference has not
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yet been resolved. While the present evidence does not indicate that
neutrons have advantages over photons in treating all malignant
diseases, there is good evidence that neutrons do have advantages in
the treatment of some diseases, especially in cancers which grow
slouly.11) There are several hospitals that will continue to use
neutron radiotherapy, but only two or three centers, all in Germany,

continue to use D-T neutrons.

Related to the interest in neutron therapy is a continuing effort
to understand better the radiobiology that is basic to neutron
therapy. For example, there is some evidence that combinations of
neutron and photon treatment have advantages over either radiation
alone, and there is a continuing effort to study the radiobiology of
this effect. For such studies D-T sources could be used.

I have mentioned another application for which high-intensity D-T
sources were desired, i.e., for the study of radiation damage caused
by 14 MeV neutrons. This information is needed for the design of
fussion reactors, since the first wall of a fusion reactor is
bombarded by a very high flux of 14 MeV neutrons. How long the first
wall of a reactor can be subjected to such a bombardment determines
how long the reactor can operate without a maJor\overhaul. The effect
of 14 MeV neutrons is sufficiently different from that of fission
neutrons that it appeared necessary to build intense sources that
could produce neutrons of at least 14 MeV energy. Ten years ago there
were several proposals to build intense neutron sources for fusion
technology, and the construction of three of these was authorized in
the U.S.: INS at Los Alamos, FMIT at Hanford, and‘RTNS II at
Livermore. INS was cancelled several years ago, FMIT was cancelled
more ' recently, and only RTNS II, the least ambitious of the three was
completed. Although the RTNS II sources worked well and were used in



195

many radiation damage experiments, primarily carried out by Japanese
scientists, the sources will be turned off shortly after the end of
the current year. There are several reasons for this decision. The
most important is probably that funding for fusion technology has been
contracting in the U.S., largely because the energy problem appears
less worisome and because fusion reactors do not appear a likely
solution to the energy problem in the near future. In addition, many !
material scientists believe that they cah obtain the needed

information in other ways.

Nevertheless the Japanese scientists who have used RTNS II so
successfully plan to build a similar source in Japan and to continue

research with an intense source of D-T neutrons.

5. COMMERCIALLY PRODUCED D~T GENERATORS

5.1 Deuteron Accelerators

Ten years ago there were several manufacturers who supplied
accelerators in which several milliamperes of deuterons bombarded
tritium, usually absorbed in titanium. These generators produced
typically 10H neutrons/sec although higher source strengths could be
produced with a fresh target.. Hundreds of such generators were sold
for teaching, research, and applications. While I have no statistics,
my impression is that not very many of them are now in operation, and
no new generators are being manufactured as far as I have been able to
learn. There is, however, a small company (Potentials Inc.) that buys
uséd generators that were originally manufactured by Texas Nuclear.
This company restores the machines to their original state and sells
them as equivalent to new machines. Apparently several generators are

bought and sold by this company every year.
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5.2 Sealed Tube Generators

Two types of sealed tube generators have been available
commercially: Tubes intended for high intensities and continuous

operation, and low-intensity sources intended primarily for pulsed
operation.

Tubes for high-intensity (2 101257 operation have been
manufactured in the U.K., Holland, Switzerland, and the U.S. Of these
only the Swiss manufacturer may still offer such a system. All the

units manufactured by the other companies have been shut down.

Kaman manufactures a sealed tube generator that produces up to
10'! D-T neutrons/sec. This tube is advertised to have more than 50%
of its initial yield after 100 hours of operation, but the cost of
replacing the tube is over $15,000.

There are several manufacturers who sell closed tubes for pulsed
operation, typically delivering 108 neutrons per pulse. Such tubes
are manufactured by Sodern in France, GEC Avionics in England, and
Kaman in the USA. These systems are intended primarily for
geophysical and safeguards applications. In addition, several
geophysical corporations, such as Schlumberger, Haliburton, Dresser,
and Gearhart manufacture such tubes, but they have not been described

in the literature and are not for sale.

6. EXAMPLES OF OPERATING D-T GENERATORS

6.1. RTNS II

The most intense operating D-T sources are the RTNS II sources at
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12) They use typically 125 mA of atomic deuterium ions at

Livermore.
370 keV to bombard a rotating target that contains tritium in Ti. The
target is 50 cm in diameter and rotates at 5000 r.p.m. A fresh target
contains about 5000 Ci of tritium and produces about 3 x 1013
neutrons/sec. The source strength gradually decreases at a rate that
varies from target to target. For an average target the source
strength drops to half its original value after bombardment by

15 A hr. Some targets have substantially better life times, some -
considerably worse. The reason for the variations is not known.
Targets are usually replaced after they have produced more than 1019
neutrons. This means that 4000 tritium atoﬁs are lost from the target

for every neutron that is produced.

During 1985 RTNS Il was operated around the clock five days per
week. During the year it produced 2.9 «x 1020 neutrons and the
availability of the sources averaged 84%.

6.2 Oktavian

Oktavian‘3) is an intense D-T source at Osaka University similar
to RTNS I at Livermore. It uses 20 mA of analyzed p* at 300 keV on a
rotating TiT target. 1Its output is 3 «x 1012/sec in steady operation.
It can be operated in a pulsed mode with bursts 1.5 to 3 ns long and

at a 1 kHz to 2 MHz repitition rate with 10‘4 neutrons per pulse.

There is a program to build an upgraded facility in which the
deuteron current will be increased to 200 mA and the energy to
400 keV. The expected output is 5 x 1013 neutrons/sec in steady
operation. In the pulsed mode an increase by a factor of fifty in the

number of neutrons per pulse is expected.

7
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6.3 Dynagen

The facilityg) at Eppendorf Hospital in Hamburg, Germany, is used
for radiation therapy. The accelerator built by Radiation Dynamics
produces 12 mA of unanalyzed 500 keV deuterium ions. Originally it
had a conventional rotating target, but, since an unanalyzed beam was
used, the target life was very short. More recently the atomic and
molecular beams were separated by about one cm by a small magnet, and
the target now consists of a rotating cylinder. Both target spots
serve as neutron sources. The total output is 3.5 x 10'2/sec. The
active total target area is 300 cmz. Each target produces about
4 x 10'7 neutrons before it is replaced.

6.4 University of Wisconsin Gas Target Source

The only high intensity source with a differentially pumped gas
target is at the University of Hisconsin-Madison.‘”)‘ It is used for
radiobiological studies. Typically 12 mA of 210 keV unanalyzed
deuterium lons are accelerated; about half the beam actually gets into
the tritium target. Typical output is 1.4 x 1012/sec, but
occasionally up to 4 x 1012/sec have been produced. The tritium use
per neutron produced is considerably higher than for a solid target.
The large physical size of the gas target is a disadvantage for

experiments that require a high neutron flux density.

6.5 Karin

About 12 years ago a closed high-intensity tube was developed at
Karlsruhe by K.A. Schmidt.15) Generators using these tubes were
manufactured by Haefely in Basel, Switzerland. Inquiries to Haefely
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about the status and availability of these generators have remained

unanswered.

These tubes use 150 mA of mixed deuterium and tritium beams
accelerated by 200 kV. The beam impinges on a scandium target. The
tube contains 500'C1 of tritium and is rated to produce 6.5 x 1012
neutrons/sec. The life expectancy of the tube is several hundred

hours.

Five such generators have been purchased, three for radiation
therapy, one for activation analysis, and one for a fusion-fission
test facility. The therapy units are isocentrically mounted to allow

the source to be moved around the patient.

7. PULSED SOURCES

Neutron spectra are most readily measured by the time-of-flight
method, and for this purpose sources that produce nanosecond bursts
are needed. RTNS I is an early example of such a source. It uses
bunched deuterons that produce neutron pulses of 2 ns width with
repitition rates of the order of a Mﬂz.16)

A more recent example 1s the PNG-300 pulsed neutron generator at
Debrecen.17) It produces pulses 1 ns long with repitition rates of
several MHz. The average neutron output is 109/sec with intensities
as high as 4 x 1010/sec in the pulses, This is achieved with an

average deuteron beam current of 10-20 ypA.

8. PLANNED INTENSE SOURCES

Oktavian II mentioned earlier, with a deuteron beam current of
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200 mA would be the most intense D-T source both for continuous and
pulsed operation. 1Its output would be 5 «x 1013/sec continuous, and
5 x 10°/sec in a 2 ns pulse.

Other intense sources, which are similar to RTNS I, are under
construction in various laboratories. They include INGE-1 at Dresdan,
Intense NG at Bratislava, and similar sources at Debrecen and at
Lanzhou University in China. All these sources use rotating targets

and are expected to produce 1-2 x 1012 neutrons/sec.

9. RADIATION HAZARDS

The use of D-T sources exposes the operators to radiation
produced by radioactivities induced by the neutrons, and to the
tritium in the target.

The experience with RTNS II, which is the most intense operating
source may be of interest. The original design included a plan to
change targets and experiments remotely by using a cart that traveled
on rails to the target position. When this system was first
installed, it did not work satisfactorily, and it turned out to not be
necessary. The activities are allowed to decay over a weekend before
a target change. The operators who change targets get an annual

exposure of about 3 mSv from induced radioactivity.

Tritium contamination turned out to be a more sef‘ious problem not
80 much because of high exposure to personnel, but because unexpected
contamination was occasionally found outside the accelerator area in
spite of }egular surveys. The explanation appears to be that specks
of Ti containing tritium come off used targets but are missed by the
swipes which appear to show no contamination. These specks migrated
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in uncontrolled ways and occasionally found their way into the office

areas. Until these occurrences were explained and preventive measures

were instituted two years ago, there were extended shut downs of the

facility to track down tritium contamination. Last year the annual

average exposure to tritium was 0.6 mSv for the operating personnel.
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PROGRESS IN FAST NEUTRON DETECTION TECHNIQUES

Horst Klein
Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100,
3300 Braunschweig, Fed. Rep. of Germany

Progress in fast neutron detection techniques since
1979 is discussed, but restricted to the energies
between 0.2 MeV and 20 (30] MeV.

Various organic scintillation detector systems such
as the black detector or the dual thin scintillator
are well suited for precise fluence measurements
with npeutron TOF spectrometer and have to be
selected in dependence on the energy range to be
investigated. He-3 based detectors may be an
alternative in TOF monitoring even in the low (gas
scintillator) or high (liquid scintillator) energy
region.

The most versatile instrument proved to be the twin
gridded ionization chamber . The angular distribution
of the applied reaction is considered in 2=
geometry . Multiparameter data acquisition and
analysis enable online control of the efficiency.

1. INTRODUCTION

Fast neutron detectors applied for fluence measurements and
spectroscopy in the energy region from 0.2 MeV up to 20 (30) MeV are
generally based on only a few materials showing a smooth energy
dependence of their neutron interaction cross sections. In the case of
238(n.f) the
reactions are unique or can be clearly identified. The cross sections

are sufficiently large and well known (fig. 1 right), but in

the reference standardsl) H(n,n)H, 235U(n.f) and

particularly for the neutron induced fission of the uranium isotopes a
considerably improved data base is to be expected from a recent
evaluationz). The fast neutron interaction with 3He1'2) also

seems to be a candidate and besides the elastic scattering, the
various reaction channels also exhibit the right behavior (fig. 1

left) but must be separated in the detector system.

In a 1979 comprehensive review of nuclear detectors and related
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Fig. 1: Cross sections of fast neutron induced reactions (data and
uncertainties from ref. 1)

techniquess), all commonly used fast neutron detectors are discussed

in great detail and, indeed, no revolution has taken place in recent
times comparable with the introduction of Si and Ge detectors in
charged particle and photon spectroscopy. In this paper therefore,
although no spectacular new ideas can be reported, various
improvements regarding the general set-up, the reliability of the
various components including electronics, the theoretical description
of the response and the realistic estimate of the uncertainties,
particularly with respect to absolute neutron fluence measurements,
are worth summarizing.

According to the conclusions recently stated in a review of
detectors applied at whité neutron sources4). only hydrogen based
detectors (see sect. 2) and fission chambers (sect. 4) should be
discussed, but it will be shown in sect. 3 that particularly liquid
3He scintillation detectors are well suitea for monitoring up to
30 MeV neutron energy. In most applications the detectors are part of
neutron time-éf-flight spectrometers, but spectroscopy by means of

unfolding methods could also be improved.
2. HYDROGEN BASED DETECTOR SYSTEMS
Proton recoil spectrometers have been used from the very

beginning of fast neutron measurements. Organic scintillation

detectors such as anthracene or stilbene crystals andkplastic or
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Fig. 2: Neutron detection efficiencies of NE 213 liquid scintillators
for Am- and Cs-bias settings and their ratios demontrating the
influence of nonelastic interactions with carbon
left: experimentally determined (fig. 1 and 2 of ref. 5)
right: calculated with the MC code NEFF4 (ref. 6)

liquid scintillators are given preference for use in TOF spectrometry
due to the excellent timing at reasonable efficiency, partially
combined with a high selectivity for neutron induced secondary charged
particles by means of pulse shape analysis. In practice any shape and
size of detectors has been realized, depending on the particular
application.

Indeed, a serious problem is introduced by the relatively high
carbon content of the organic base material. Due to the high total
cross section the neutron interaction with carbon can significantly
influence the response and efficiency. A very careful experimental
calibration of a liquid scintillators) has clearly demonstrated this

influence, showing a pronounced structure inh the neutron detection

efficiency according to resonances in the inelastic n-C cross section




206

(fig. 2 left) just in an energy region where usually a smooth
interpolation between scarce data points is commonly practiced. In
this way errors of up to * 5 % are introduced which can be avoided by
considering realistic Monte Carlo simulationsG) which clearly

confirm the suggested explanation and should be used at least for

interpolation purposes (fig. 2 right).

2.1 Black Neutron Detector (BND)

The design of the black neutron detector7) was the first success-
ful attempt to overcome the carbon problem at reasonable detection
efficiency. Assuming a well collimated neutron beam entering the
detector within a reentrant hole and a detector volume sufficiently
large for almost all neutrons to undergo multiple interactions in
certain energy regions the extremely high efficiency (€ > 90 %) can be
predicted with uncertainties of less than 1 %, almost independent of
uncertainties in the differential cross sections of the constituents.
-Recently, the NBS-BNDB) has been calibrated at En = 2.43 MeV by means
of the time-correlated associated particle (TCAP) methodg) showing
excellent agreement between the measured and the calculated efficiency
within the estimated uncertainty of * 1.2 %. even if the efficiency
was reduced to EMC = 0.76 and the response (fig. 3 right) no longer

shows the peak structure typical of lower energies (fig. 3 left).

5Oy
+ EXPERIMENT
—CALCULATION

«©
CHANNEL NUMBER

Fig. 3: Response of the NBS black neutron detector

left:

En

right: En

0.540 Mev (fig. 7 of ref. 8)
2.29 MeV (fig. 4 of ref. 9)
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However , the detector volume is limited due to the internal light
attenuation, the background radiation and the number of phototubes
necessarily used simultaneously. The thresholds in each channel and
the coincidence requirements influence the efficiency and must be
explicitely considered in the efficiency calculation. The regular use
of a large BND for fluence measurements up to 30 MeV neutron energy
finally failed due to these difficultiesio). )
7

be considered by means of unfolding procedures if continuous neutron
11)

In addition, the energy dependent time response spectra’ ' must

energy distributions are investigated . Nevertheless, the use of a
BND is recommended in the energy range below 5 (10) MeV if a precise

neutron fluence measurement is required.

2.2 Proton Recoil Spectrometer

Proton recoil telescopes (PRT) are the absolute reverse of a BND
as regards efficiency. The maximum energy transfer to the proton by
central collision should be exploited to achieve a narrowly peaked
response for monoenergetic neutrons. In this way neutron energy
distributions can be directly spectroscopied with reasonable

5).

R -4 -
resolution, but with remarkably reduced efficiency (¢ ~ 10 «e010
Never theless, these devices are often used for precise fluence
measurements and therefore most recent investigations have dealt with

corrections and uncertainty estimates12_14)

. Considering the
influence of the structural materials of the neutron target and the
telescope, the angular distribution of the neutron-producing reaction
and the uhcertainty of the differential n-p scattering cross section,
uncertainties not lower than 1.5 - 2 ¥ can be achieved in the energy
range of 2 Mev S E_< 20 Mev'®),

An improvement is to be expected from the application of a

gridded ionization chamber (see section 4).

2.3 Dual Thin Scintillator (DTS)

The limitations in the application of a PRT (efficiency) or a BND
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{energy range) for precise neutron fluence measurement have given rise
to the design of the dusl thin scintillator®>).

The thickness of the first plastic scintillator (or probably a
stilbene crystal if n/ Y discrimination is required) is chosen
according to the meximum range of recoil protons to be investigated,
i.e. about 2.5 mm for 15 MeV protons (fig. 4). The response spectrum
for monoenergetic neutrons is far from the ideal proton recoil
spectrum (fig. 5A), but the recoil protons not stopped in the first
scintillator can be measured in coincidence in the second scintillator
(fig. 5B). Thus, the summed spectrum (fig. 5C) shows the almost ideal
shape only weakly influenced by multiple scattering. Uncertainties due
to interaction with carbon can also be neglected as long as the

threshold is set above the response of neutron induced reactions on
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carbon. TCAP calibration measurements at 2.43 MeV and 14.0 MeV caused
an energy-independent correction of the MC simulated efficiency of
about 1.5 — 2 % which is still not understood. Even if the threshold
of the first detector gating the summed signals is a sensitive '
parameter to be considered in the calculations, uncertainties in the
order of 1 ... 2 % have been estimated for the energy dependence of
efficiency in the entire energy region from 1 MeV up to 15 (20) Mev.
The disadvantage of the low efficiency (¢ ~ 1 %) is therefore
overcompensated by the fact that the DTS can be used for precise
fluence measurements in a wide energy range not necessarily requiring

a well collimated neutron beam {as for the BND).

2.4 "Normal™ Sized Organic Scintillators

The restrictions for both the BND {collimator, time resolution)
and the DTS (low efficiency) prevent the general use of one of these
detectors in neutron TOF spectrometry. As the response of both systems
is well described by MC simulations {CARLO BLACK code7'8)) this
method should also be applicable for any other size of organic
scintillators which has to be optimized with respect to the
efficiency, the solid angle, the time resolution and an efficient n/Y
discrimination depending on the actual problem investigated.

Indeed, the response of aluminum capsuled liquid scintillators
(BA-1 type of NE 213) is satisfactorily described in a wide energy
range (0.5 - 20 MeV) and for various sizes (3.8 cm x 3.8 cm P up to
5.08 cm x 25.4 cm @) by means of the PTB NRESP codes) which
considers.

- the light output and resolution functions which must be carefully
determined for any particular detector system and

~ the evaluated differential cross sections for the constituents of
the scintillator (H,C), the light guide (H,C) and the capsule (Al).

As a typical example, a comparison of the calculated and the measured

response is shown in fig. 6 for a medium energy where already improved

angular distributions for the C(n,a) reaction were taken into account

in the MC codels)

. Provided that the more problematic breakupA
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reactions on carbon can also be realistically simulated, the energy-
dependent efficiency can be calculated for any threshold with

reasonable accuracy (l¢/¢ - 2 % for En 2 1.1 x E )+ In the case

of a medium sized detector (NE 213, 2.54 cm X 10E22 cm @), a

detailed intercomparison of fluence measurements obtained with a PRT
and this scintillator showed excellent agreement for neutron energies
from 6 MeV up to 14 MeV within the estimated uncertainties of * 2%,
However , it should be pointed out that from the intercomparison of
various detectors energy independent correction factors between 1.0
and 1.05 were derived.

Indirect neutron detection via photons from the inelastic
scattering on the structural materials are not considered in the MC
simulation, even if these events can amount to a few percent below
6 MeV (due to the Al capsule) up to 15 % of the total response in the
vicinity of 11 MeV incident neutron energy. Because of the additional
problems in handling these contributions we prefer to generally apply
n/ Yy discrimination.

A well defined response matrix finally enables even complex
neutrori spectra to be determined by means of a matrix inversion
unfolding of scintillation spectra, as has been proved by comparing
with the results derived from simultaneously measured neutron TOF

spectral7)

. More advanced unfolding procedures such as an iterative
18) 19)

differentation method or a Monte Carlo technique may even
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improve the energy resolution achievable.

Summarizing it can be stated that the neutron response of any
"normal” sized cylindrical detector fitted via a light guide to a
single phototube can be satisfactorily described by Monte Carlo
simulations if the influence of multiple scattering events is properly

considered.

2,5 General Techniques

Reliable neutron spectroscopy with organic scintillators not only
requires a sophisticated description of the neutron induced response
but also a careful design of the detector set-up and selection of

adequate electronics. Some of the recent investigations should be
considered.

-

2.5.1 Light transmission and resolution. Quite a simple recipe was

given to prevent the light transmission from the scintillator to the
photocathode from being dependent on the locus of the primary '

interactionzo)

. When the scintillator is coupled via a partially
coated light guide to the sensitive area of the phototube, the
resolution.can be considerably improved at high proton recoil
energies. On the other hand, the Monte Carlo simulation of the light
transport also showed that the mean light output decreases if a light
guide is introduced. The best resolution is therefore achieved at low
proton recoil energies by direct coupling to a phototube selected for

the best quantum efficiency of the cathode.

2.5.2 Gain stabilization. A common and serious problem which also

besets modern phototubes -~ the gain instabilities duérto changes of
the count rate (fig. 7), temperature, magnetic fields etc. — seems to
have finally been solved. Various attemps to stabilize the gain by
means of LED reference pulsés failed because the light pulser itself
was unstable. A complex but successful solution to the problem is-to
stabilize in a loop the LED light output by means of a more stable:

21'22), while the stablized LED can in turn be

s

photosensitive device
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used to control the PM gain in a second loop. Excellent results
recently published23) were obtained with an electronic circuit,

which is meanwhile commercially available. This method entails the use
of a PIN diode as a reference device, but great care must be taken in
the mechanical set-up of the PIN diode, LED and detector in order to
guarantuee a long-term stable ratio of the light fractions decoupled
for the reference diode and the photocathode.

3. 3He BASED SCINTILLATORS

3He filled proportional counters are still used for neutron
spectroscopy up to 1.2 MeV, but their application in TOF spectroscopy
is chiefly hindered by the insufficient time resolution. Scintillation

detectors on the basis of 3He were therefore investigated.
oo 3 NI 3
3.1 Liquid “He Scintillator (L He)

Reasonable efficiency and excellent timing were achieved with a

24)

liquid 3He scintillator first described in 1976 . Recently

230 cm:5 and 60 cm3 L3He systems were carefully investigatedzs'zs)
and applied in cross section measurements and in fast neutron fluence

monitoring.
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The complex cryogenic system with liquid nitrogen and liquid
4He baths finally allows 3He to be liquidized at about 2.2 K. The
wave lengths of the scintillations are shifted and the light pulses
are decoupled via a quartz window to a phototube. This scintillator
shows an almost linear light output versus energy relation up to
30 MeV for the total energy of the reaction products (p + t or d + d).
Fortunately, the light output for 3He recoils is about 10 %
lower and the resolution achieved is sufficient to quantitatively
separate the various reactions. The partial cross sections extracted
from spectra for neutrons up to 30 MeV are in fairly good agreement
with the evaluated cross section of the inverse reactions, but the
results are quite sensitive to corrections considering the losses of

particles due to long ranges and edge effectszs).

3.2 SHe Gas Scintillation Counter

The much simpler but less efficient solution is the gas
scintillation detector recently tested at the NBSZ7). The closed
stainless steel tube filled with a mixture of 3He and Xe gas
functioned stably for about 2 years, but the energy resolution (which
is about 50 % worse than for the liquid scintillator) is not
sufficient to quantitatively separate p + t events from 3He recoils.
Improvements are expected from the construction of a gas proportional
scintillation counter, where the primary scintillations are also used -
for the fast timing while the internal amplification reduces the width
to about 10 %.

4. IONIZATION CHAMBERS

The fission fragments (ff) originating from the neutron induced

235 238

fission of U or U must clearly be separated from the

underlying a-particle background. Parallel plate ionization chambers

are very well suited for this purpose, but problems arise in

specifying the layer of fissionable material and in the determination
of the ff-detection efficiency.
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4,1 Gridded Ionization Chamber

Both problems can be solved by means of a gridded ionization .
chamberza). The uranium layers are deposited on the cathode (fig. 8)
and the charge signal induced by a's or fission fragments on the
anode, the cathode and the grid are simultaneously analysed with an
electronic time constant just between the drift times of .the electrons
and the ions. While the cathode and grid signals depend on the
direction and length of the ion track, the anode signal is only
related to the total number of ion pairs produced between cathode and
grid, provided that the distance between cathode and grid and the gas
filling are adjusted with respect to the range of the particles
investigated. The energy and the angle of emission can then be
determined simultaneously. In the case of the a spectroscopy of
extremely thin U layers the expected isotropic angular distribution is
observed, while for thicker samples the losses due to self absorption
become obvious but can be corrected by an extrapolation to 100 %
efficiency . In the meantime this method is routinely applied to
determine the sample thickness with a precision comparable with the
“"low geometry” a-countingzg). The same chamber can then be adapted
to the range of fission fragments to be used for neutron fluence
measurements. The ff-detection efficiency is automatically under
control as long as the energy of the incident neutrons is determined
by TOF-spectroscopy and can be considered in the interpretation of the

ff-angular distributionso).

AMP Fig. 8:

..... . Twin gridded ionization chamber
(ref. 28-32) with induced charges at
the

/Camode
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The extraordinary capabilities of this instrument have recently
been demonstrated in the course of correlation measurements between
the fission fragments and the neutrons from the spontaneous fission of
252Cf31). A thin Cf source on an aluminum foil was mounted in a
twin gridded chamber . Both fission fragments were analysed in
coincidence delivering an angular resolution of Acos /cos < 5 %. In
the case of cold fragmentation the masses of both fragments could be
clearly separated (Am ~ 0.5 AMU).

The twin chamber is also the ome best suited to investigate

neutron induced reactions, i.e. 6Li(n,a)T32)

, with respect to the
fission yield.

Very recently, the proton recoil spectra were taken from
tristearine layers of various thicknessesss). Even if problems with
the inhomogeneity of the evaporated layers still ma;e the quantitative
analysis more difficult, this proton recoil spectrometer has the an-
vantage of a much higher efficiency (2n geometry) compared with a
telescope and of not being so sensitive on the uncertainty of the
differential n-p scattering cross section. However, the extreme -range
of high energy protons may prevent its being applied for neutron

energies above 10 MeV.

4.2 Low Mass Ionization Chamber

The gridded ionization chamber can be optionally used in the
28)

compensation and double differentation method in order to
suppress high g-particle background (up to 108 a-particles/fission
event) and to process high counting rates., In these cases, a AE
chamber could be an alternative solution. Small spacing between the
electrodes and methan gas filling yield fast (t. = 2 ns) and short
(t1/1o - 15 ns) current pulses proportional to the energy loss. High
counting rates, i.e. of Ct sources, can be processed at high ff-
detection efficiency and quantitative a -particle suppression34). In
addition, the energy loss spectrum also provides information on the

angle of emission which can be used to correct for ff-detection

losses. The low mass of these devices considerably reduces the
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corrections due to absorption, inscattering or additional neutron
production.

5. CONCLUSION

Progress in fast neutron techniques has chiefly concerned a
better understanding‘and more reliable use of standard instruments.

For precise neutron fluence measurements various types of
hydrogen based detectors can be used in TOF techniques. Depending on
the energy range to be investigated and the source strength available
the best suited detector can be selected from BND, DTS, PRT or gridded
ionization chambers, but high precision and reliability‘can now also
be achieved with “normal”™ sized liquid scintillators. The absolute .
scaling should be checked by completely independent methods, i.e. TCAP
measurements, or by means of other reactions.

The liquid 3He scintillator seems to be an adequate solution
particularly at high energies (10 ... 30 MeV), but requires a
complicated experimental technique.

The most versatile instrument is the gridded ionization chamber,
as various standard reactions can be applied. In particular high
quality assaying and the intrinsic ff efficiency control make this
instrument a suitable candidate for a uranium fission monitor.

However , an improved evaluation of these standard cross sections is
required.
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A NEW NEUTRON TOF FACILITY AT OKTAVIAN

A. Takahashi, H. Sugimoto and E. Ichimura
Department of Nuclear Engineering, Osaka University

Yamadaoka 2-1, Suita, Osaka 565, Japan

A new TOF facility at OKTAVIAN is introduced. Design and
characteristics of shield system and neutron detector
are shown. Double differential cross sections at En = 14
MeV are being measured with this facility.

1. INTRODUCTION

Double differential neutron emission cross sections around 14 MeV
have been measured at OKTAVIANl)’Z), based on the ring-sample & TOF
method, which has however a drawback of En variation according to the
change of scattering angle. In order to fix incident energy to En =
14.1 MeV,z? new TOF line was constructed at 85 deg against the pulsed

beam line . Cylindrical samples are adopted for scatterers.

2. SHIELD SYSTEM

An overall view of the TOF and shield system is shown in Fig.l.
A cvlindrical sample withv3 cm diameter and 7 cm length is rotated
around the ns pulsed D-T sourcez) with 17 cm radius to change scatter-
ing angle. The 85 deg fixed flight path was selected to avoid the
effect of target flange. The flight path length is 8.25 m with small
variation by the sample rotation. Small variation of En, 14.1%0.05
‘MeV, by the sample rotation from 0 to 180 deg scattering angle can be
neglected within the overall energy resolution *0.2 MeV of the whole
TOF system. Within the shadowed zone by a shadow-bar shield of special
shape, a conical collimator with 12cmx18cm sectional hole is settled.
In order to minimize scattered-in background-neutrons from the colli-

mator, collimation is done near the mid-point of flight path. To eli-

minate room-returned background-neutrons almost completely, a 10" diam
10 cm thick NE213 neutron detector is heavily shielded with ordinary

concrete and is set inside a 5 cm thick lead box with 10 cm inner
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Fig.l Schematic view of shield for TOF experiment

polyethylene layer for suppressing re-incidence of scattered neutrons
by the NE213 detector. Evacuation of the target & sample zone of 1 m

diam 1 m long volume is planned to eliminate air-scattered background-
neutrons.

3. NEUTRON DETECTION

To realize conditions of good counting statistics and n-y separa-
bility which are comparable with those of the ring-geometry experiment
l),2)’ a large (10" diam 10 cm thick) NE213 detector was desighed and
manufactured. The configuration is shown in Fig.2. Electronics diagram
of the neutron-TOF-measuring system is the same as the previous onez).
For n-Y separation, parallel pulse shape discrimination circuits with
"low" and "high" gain-set double delay line amplifier respectively are
adopted. Examples of n-Y separability are shown in Figs.3-a & -b, for
14 MeV neutron incidence, where the "high discri" and the "low discri"
cover 2-15 MeV and 0.3-3 MeV range of recoil proton, respectively.
Sufficient separability is attained for a dynamic range of 0.3-14 MeV

neutron energy.

Energy-dependent efficiency curve of the detector was determined
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Figs. 3-a & -b Pulse shape distribution of 10" diam NE213

The result is shown in Fig.4. The efficiency curve is well feproduced

by the 05S calculation except the region near threshold.

4. DDX MEASUREMENT
An example of measured raw TOF spectra for carbon is shown in
Fig.5, together with a background spectrum which was taken by removing

a sample; Data accumulation time was an hour for each run. Foreground/

background ratio is not good except 4 peaks corresponding to elastic
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THE STUTTGART 'SCORPION' FACILITY FOR SCATTERING EXPERIMENTS WITH FAST
POLARIZED NEUTRONS IN THE ENERGY RANGE OF 7 TO 8 MEV

J. W. Hammer, G. Bulski, W. Grum, K.-W. Hoffmann, G. Keilbach,
G. SchleuBner and G. Schreder

( Institut fiir Strahlenphysik, Universitat Stuttgart )

Neutron scattering experiments, although requiring complex experimen-
tal setups, play an important role in the exploration of nuclear struc-
ture. The new theoretical models of nucleon scattering, yet describing
high energy data with great success, will demand for a broad data base
in the low energy region. Together with the corresponding analysing
power data differential cross section measurements produce much more
constraints on nuclear model calculations. Especially the spin-depen-
dence of all the effective nucleon-nucleus potentials becomes better
defined. In Stuttgart
scattering data over a
wide range of elements
have been obtained at
the incident energy of
7 to 8 MeV. The high
currents of a Dynami-
tron accelerator to-
gether with the 9Be(u,

n)lzC reaction have

provided a source of
highly polarized neu-
trons. At the typical
energy of 7.75 MeV the
polarization amounts
60%. Fig. 1 shows the
top view of the SCOR-
Fig. 1: Top view of the SCORPION facility PION facility. It con-

sists of a neutron

producing target, the spin-precession magnet, the scattering sample,
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4 NE213 detectors and 4 additional monitor detectors. After unfolding
the proton recoil spectra the angular distributions have been correc-
ted for multiple scattering and finite geometry effects by Monte Carlo
calculations. More details are given elsewhere l).

The investigation of cryogenic samples has been made possible by a
Dewar recently constructed. The results of the oxygen-measurements are
shown in Figs. 2-3. Data evaluation of many other nuclides is in pro-
gress, as an example for a heavier nucleus Fig. 4 shows the results of
tantalum. For appropriate nuclides, optical model calculations have

been carried out with the code ECIS-79 by J. Raynal.
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Fig. 2: Differential cross section and analysing power of oxygen at
a) 7.18 MeV and b) 7.50 MeV neutron-energy. The full curves
are Legendre fits to the data.

1. J.W. Hammer, G. Bulski, W. Grum, W. Kratschmer, H. Postner and
G. SchleuBner, Nucl. Instr. and Meth. 244, 455 (1986)
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A SPECTROMETER FOR DOUBLE-DIFFERENTIAL NEUTRON-EMISSION
CROSS SECTION MEASUREMENTS

E. Dekempeneer, H. Liskien
Commission of the European Communities, Joint Research Centre,
Geel Establishment, Central Bureau for Nuclear Measurements,
2440 Geel,Belgium

L. Mewissen, F. Poortmans
S.C.K./C.E.N., 2400 Mol, Belgium

1. INTRODUCTION

Double-differential neutron-emission data are requested for the
various constituent elements of the blanket of a fusion reactor and
are important for a better understanding of the nuclear reaction
mechanism, in particular for the pre-equilibrium neutron-emission
process.

Up to now, such data were mostly obtained with pulsed
monochromatic neutron sources so that the secondary neutron energy
spectra could be measured by the time-of-flight method. We have set up
a spectrometer at a pulsed white neutron source which allows the
measurements of the angle-energy distributions of the secondary

neutrons in one run for a broad range of primary neutron energies.

2. ‘EXPERIMENTAL DETAILS
2.1 General description

The sample is mounted in an evacuated cylindrical vacuum tube at
60 meter from the pulséd neutron source at GELINA 1) and surrounded by
eight NE 213 proton-recoil -liquid scintillators (¢= 5 cm, h = 5 cm) at
a distance of 20 cm from the sample. The incident neutron energy is
determined by time-of-flight and the energy of the secondary ﬁeutrons

by unfolding the pulse-height spectra of the liquid scintillators.
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2.2 Neutron detectors

Relative response functions for the NE 213 liquid scintillators

were measured in the energy range 0.3 MeV-16 MeV in steps of 0.1 MeV
using the pulsed white neutron source.
A relative efficiency curve was established experimentally in the
range 0.4-7.5 MeV and 13-16 MeV using monoenergetic neutrons produced
in the reaction T(p,n)3He, D(d,n)3He and T(d,n)YHe at the 7 MV Van de
Graaff and by Monte-Carlo calculations using the code NEFFY4 2) for the
gap between 7.5 MeV and 13 MeV.

2.3 Electronics and Data-acquisition

The anode output of each photomultiplier tube is used as stop
pulse for the time-digitizer and for pulse-shape discrimination. The
output of the ninth dynode is used for pulse height analysis and
detector identification. The information for each event is transmitted
to a HP 1000F computer with central 2 Mbyte memory through a 128 word
buffer of 32 bits. The information is stored in the memory as a three-
dimensional array: detector (angle), time-of-flight (incident energy),
pulse-height (secondary neutron energy).

2.4  Background sources

The major source of background is due to the scattering of the
incoming neutron beam by the windowsvof the aluminium vacuum chamber
in which the sample is mounted. This background is easy to measure.

The sample-dependent background can not be measured but the
results of the 7Li(n,Xn) measurement show that this contribution is

very small.

2.5 Data reduction
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The code FORIST 3) is used for the unfolding of the pulse-height
spectra. After the unfolding, the data are corrected for dead time,
for multiple scattering in the sample and for attenuation of the
emitted neutrons by the sample and by the wall of the vacuum tube.

The Monte-Carlo code written for the calculation of the multiple
scattering corrections only takes into account the elastic scattering
component which in many cases is the most important contribution to
the total number of emitted neutrons. This approximation is permitted
because very thin samples (transmission > 0.9) are used.

The normalization of the data is done by measuring the 12
differential elastic yield below 2 MeV 4) and by measuring the
relative neutron flux with an 235U fission chamber which is mounted in

the neutron beam at a 100 meter flight-path station.

3. EXAMPLE: THE TLi(n,Xn) REACTION

Data-taking was performed during 600 hours for incident energies
beteen 1.6 MeV and 16 MeV, However, above 10 MeV, the present data
have not yet the required statistical precision for unfolding the
pulse-height spectra. A new neutron producing target which will
produce a harder neutron spectrum than the present uranium target is

under construction.

As an example, we show on fig. 1 the differential neutron
emission cross section for an incident energy window between 8.4 Mev
and 8.7 MeV and for four angles. The sample was a metallic TLi plate,
enriched to 99.97% with a thickness of 0.0325 at/b.

The sample-independent background varied from roughly 7% for
backward angle detectors to 3% for forward angles. On fig. 1, we see.
the contribution from elastic scattering and inelastic scattering to
the 478 keV state which are not separated, the inelastic peak from the
4.6 MeV state and a continuum part due to the 7TLi(n,n'a)t reaction.

The valley between the elastic peak and the continuum part gives us an

idea how small the contribution of the sample-dependent background is.
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FIRST RESULTS AT THE A.P.T. - FAST NEUTRON FACILITY OF THE L.N.L.

R.CHERUBINI®, G. GALEAZZI’* *F.JIMENEZ°(*), c.MANDUC§1°+, G.MOSCHINIZO,
R.NING®, R.POLICRONIADESo(.), M.T.RUSSO MANDUCHI®*,  G.F.SEGATO"*,
B.M.STIEVANO® and A.VARELA®(*),

¢ INFN - Laboratori Nazionali di Legnaro, 35020 LEGNARO (PADOVA), ITALY
° Dipartimento di Fisica, Universita di Padova, 35100 PADOVA
+ INFN - Sezione di Padova, 35100 PADOVA, ITALY

The request for reliable neutron data (1,2), in particular for
neutron energy from 5 to 14 MeV, and for calibrated neutron detectors
are still open and has nowadays enhanced by the need of precise fast
neutron data for fusion reactor development.

In order to respond to these needs, at the 7 MV Van de Graaff
accelerator of the INFN - Laboratori Nazionali di Legnaro (L.N.L.) it
was built-up a multipurpose scattering chamber (50 ecm inner diameter,
24.2 cm long) adequate for fast neutron spectroscopy with Associated
Particle Technique (A.P.T.) (2), used with thin Ti-T and home maked
deuterated polyethylene targets.

As well known (3), the A.P.T. with d-D and d-T reactions provides
a simple method for producing collimated beam of neutron of accurately
determined flux in a wide energy range.

Deuteron beams with energy from 2 to 7 MeV were able to produce
monoenergetic neutron flux in the energy range 2 to 20 MeV. The
obtained results are presented to demonstrate the performances of this
system (2).

An explosive view of the A.P.T. chamber is shown in Figure 1. The
basic components illustrated in the Fig. 1 are:

1) External cilindrical body with interchangeable 137° large thin
window;

2) Rotating target assembly suitable for self-supporting deuterated pol-
yethylene and thin Tritium-Titanium targets;

3) Turnable charged particle detector table;

4) Beam collimator system;

5) External scattering table with sliding neutron detector mounting;

6) Automatic vacuum system.

Figure 2 illustrates the n-y pulse shape discrimination
taken with a typical electronic arrangement and a stilbene detector
(3.81 cm diameter, 1.27 cm thick), using D(d,n) 3He reaction for E4=5.5
MeV, Ep=4.4 MeV and en=80.2° and T(d,n) Uye reaction for E4=6.0 MeV,
E,=18.2 MeV and 9n=72."7°. The figures of merit obtained were F, =1.29
and F2=1.17, respectively.

In Figure 3 a Time-of-Flight (ToF) spectrum is shown,
which illustrates the time correlation between the neutron and the
associated 3He, obtained for a D(d,n) 3He reaction with Eg=4.0 MeV,
E,=4.1 MeV and 8,=76.5". The FWHM was 2nsec.

(*) On leave: Instituto Nacional de Investigationes Nucleares, Mexico
and IAEA Fellows.
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Figure 4 shows a vertical and horizontal measurements of the
neutron profile taken from a D(d,n) SHe reaction for Ep=2.4 MeV (E4=2.0
MeV). The profiles are taken at a distance of 30.6 cm from the target.
The vertical scales give a relative measure of the ToF to 3

He counts.
Figure 5 shows typical

3He yields obtained for 119 ug/cm2
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and 151 pg/cmZ»deuterated polyethylene
with, carbon baking (18 ng/em? - and E,= 4115 Mev
19 ug/cmz) home marked targgts.
Thie thickness of the 137 large thin _ g,g | 5
stainless steel window used during the ¢
performances test was 2 mm. H
The properties of the A.P.T. 5
chamber described here are adequate for =
< 350 - e il 2nsec 2
accurate measurements in neutron § FWHM
physics field. 8
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A DEUTERIUM/TRITIUM GAS TARGET FOR PRODUCTION
OF FAST NEUTRON WITH THE d-D AND d-T REACTIONS AND WITH
THE ASSOCIATED PARTICLE TECHNIQUE

C. CERNIGOI*, R.CHERUBINI®, G. MOSCHINI*® and C.TUNIZ*.

+ Dipartimento di Fisica, Universita di Trieste, TRIESTE, Italy.
* INFN - Laboratori Nazionali di Legnaro, LEGNARO (Padova), Italy.
° Dipartimento di Fisica, Universita di Padova, PADOVA, Italy.

Monoenergetic neutron beams with energy in the region up to 50 MeV
are in continuing demand for neutron cross section measurements, mainly
for theoretical interpretations of reaction mechanisms or nuclear
structure as well as for bio-medical applications or reactor design.

As known, for neutrons there exists the disadvantage that they have
to be produced by nuclear reactions. The Associated Particle Technique
(A.P.T.) provides an accurate method of producing collimated, monoener-
getic neutron beams of known flux (1).

This technique is applicable in the case of those neutron producing
reactions where a detectable light charged particle is produced together
with the neutron with a two-body kinematics.

The D(d,n) 3He and T(d,n) YHe reactions are widely used as such
neutron sources. Among the effects which influence the monochromaticity
of the neutron beam those connected with the target features are very
important. To this respect, gas targets offer several advantages over
solid targets. The target density can be determined directly from
pressure and temperature measurements. Also, the effective target
thickness is accurately known and can be easily varied. The background
contamination problems can be more carefully controlled and in many
cases avoided.

In order to produce clean monoenergetic neutron fluxes with energy
up to 50 MeV, we have designed and constructed a deuterium/tritium gas
target, schematically shown in Figure 1.

The target cell, 340 mm long and 8.4 mm in diameter, consists of a ‘'solid
piece of free-cutting stainless steel bar. A narrow cross-shaped tube is
screwed to the body of the cell. One way is used to evacuate the cell,
the second to fill the cell with deuterium or tritium gas and the third
one is connected to a manometer. Two safety vacuum chambers (450 mm
long), upstream and downstream the cell, are designed to separate the
cell from the accelerator beam line vacuum system. :

Thin windows (5 and 6 mm in diameter) soft-soldered to aluminium bodies
are used for the safety chambers and the cell. The window material has
to be chosen in order to minimize energy loss and energy straggling of
the deuteron incident beam; to sustain a pressure differential of few
atm; to withstand beam currents of at least 1 pA and, finally, to remain
impermeable to the target gas used.

A thin mylar foil (S um thick and | mm in diameter) separates the cell
from an evacuable extension housing the charged particle detection
system. The wunambiguous identification of the associated charged
particle is performed with a - time-of-flight telescope employing a
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microchannel plate as start detector and a silicon surface barrier
detector, 3SBD (900 mm) giving both timing and energy signals. The
flight path is 40 cm. The angular position of the extension is chosen
according to neutron energy requirements.

The cell, the safety vacuum chamber and the charged particle system
extension are connected with an indipendent high vacuum system.

The deuteron beam is defined with four insulated tantalum collimators (3
mm in diameter) connected with current digitizers.

The thickness of the cell wall is 2 mm.

Windows dinmator
“ s -
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[
”
[

Fig. 1. Schematic horizontal section of the gas target.

Preliminary experiments have been performed at the 7.0 MV Van de
Graaff accelerator of the INFN Laboratori Nazionali di Legnaro to test,
with the d-D reaction, the performances of the target for different
windows, gas pressure and deuteron beam intensities and energies.

In these first tests we have investigated for comparison the
performances of aluminized mylar and Havar foils as windows. The Havar
windows performed much better than the aluminized mylar ones. The
associated charged particles were detected only by the SSBD at 35°¢
degrees with respect to the deuteron beam. The results with 0.000062
inch Havar foils are shown in Figure 2. Beam intensities of 2 to 200 nA
in the range 2+ 6 MeV produced about 3 neutrons/sec -nA -atm, according
to the energy , with a good discrimination of the charged
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particles detected only by the SSBD (see Fig. 2). A better identifica-
tion of the associated charged particles (p, 34 and 3He) will be
achieved with the Time-of-Flight measurements.

The Time-of-Flight telescope are presently being tested.
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Fig. 2. Charged particles energy spectra for the d-D reactions
at Eg=2.60 MeV and Eg=3.75 MeV, respectively.
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ENERGY AND ANGULAR DISTRIBUTIONS OF NEUTRONS FROM
THE 2H(d,n)3He AND 3H(d,n)4ﬂe REACTIONS

J.Csikai, Zs.Lantos and Cs.M.Buczko
Institute of Experimental Physics, Kossuth University,
Debrecen, 4001, Pf. 105. Hungary

Simple analytical expressions are given for the
calculation of the energy and angular distribu-
tions of neutrons emitted in D+D and D+T reac-
tions for the Ed=20—500 keV energy range. The
results obtained were compared with the mea-
sured and calculated thin and thick target en-
ergy and angular distributions of D+T neutrons.

1. INTRODUCTION

The accurate knowledge of the energy and angular dist-
ributions of neutrons emitted in the 2H(d,n)3He and
3H(d,n)4He reactions is needed for the cross section mea-
surements especially around 14 MeV and for the design of
thermonuclear devices. The aim of this work was to find
simple analytical expressions for the description of the
source yleld and the energy of neutrons emitted in the
D+D and D+T réactions below 500 keV bombarding deuteron
energy as well as to check; these expressions by experi-

ments and calculations in the cases of thin and thick
targets.

- 2., FITTING PROCEDURE
" The thin-target data recommendedl) for the energy and
angular distributions of neutrons emitted in the D+D and

D+T reactions in laboratory system were approximated by
the following expressions:'

Y (Eq.9)

i

n i 3
Yo(Ed)' + 1§l Yi(Ed)cos (] (1)

n i |
En(Ed,O) Eo(Ed) + 151 Ei(Ed)cos ] (2)
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In egs.(l) and (2) n=5 and 3 for D+D while n=3 and 2 for
D+T reactions, respectively. It was found that the evalu-
ated dataz) for the energy and angular distributions in the
case of thick target can also be described by egs.(l) and
(2). The values of Yor Y5, Eg and E, coefficients obtained
from a least-squares fit are tabulated for the Ed=50—500
keV energy range. The Eo and Ei values for the D+T reac-
tion have been determined between 20 and 70 keV in 10 keVv

steps.3)

3. EXPERIMENTAL PROCEDURE

The effect of target thickness on the source yield and
the energy of neutrons as a function of emission angle in
D+T reaction was investigated in an improved experimental
arrangement shown in Fig.l. This scattering-free irradia-
tion facility rendered it possible to measure the source
yleld and the neutron energy in 2n interval. The details
of the foil activation method used for the determination
of the neutron energy around 14 MeV are described in
Ref.4).The neutron energy as a function of emission angle
was determined from the measurements of the activity ra-
~ tios of 89Zr/gszb, 89Zrllaom'l'a and 89Zr/196Au produced
in (n,2n) reactions. The measured values together with
those obtained by relativistics) and nonrelativistics)
calculations are indicated in Fig.2.

4., RESULTS AND DISCUSSION
Figure 2 shows that good agreement exists between the

measured and calculated neutron energies. An analysis of
the data at different energies led to the conclusion that
" the deviation from the relativistic calculation does not
exceed 30 keV for D+T and D+D neutron if EdSSOO keVv. The
shapes of the source yield curves measured by Nb, Ta and
Au foils deviate slightly from each other indicating that
the (n,2n) excitation functions of the flux monitor reac-
tions are not constant around 14 MeV. Accepting the cal-



239

culated angular distributionss’s)

for thick target we have
deduced the shapes of the monitor reactions around 14 MeV.
The relative change in the cross section curves for the

93Nb, 181T 197Au(n,2n) reactions between 13.5 and 14.8

" MeV is + 0,35%, ~2.4% and +1.6%, respectively.
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Figure 1. Figure 2.
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THE FAST NEUTRON SPECTRUM MEASUREMENT WITH
SCINTILLATION DETECTOR

D.Nikolié, M.MiloSevié, M.PeSié
"Boris Kidri&" Institute of Nuclear Sciences
Nuclear Engineering Laboratory, 11001 Belgrade, P.0.Box 522
YUGOSLAVIA

The fast neutron spectrum is measured in the mixed gamma and
neutron radiation field, using zero-crossing technique of pulse
shape discrimination. The measured pulse height distribution is
treated with computer program which unfolds the neutron spec-
trum. Measured neutron spectrum from 241pn-Be source is presented.

1. MEASURING DEVICE

The zero-crossing technique of pulse shape discrimination (PSD)

method is used for suppresing gamma ray background in neutron detection

system wﬁich utilise organic scintillators, especialy stilbene crystals

and the NE213 organic liquid. The main advantage of this method of PSD is

its suitability for use over a large dynamic range of pulse amplitudes,

with variations grater than 100:1

1)

. This paper describes measurements

with NE213 scintillation detector 50x50 mm. The block diagram of the PSD

system used in measurement is shown in Fig.l. It is based on the fact

anode adc
TIMING
SCA MCA
PMT gate
stop
pRE23
CF start TAC output SCA

Fig.l. Block diagram of spectrometer pulse shape discrimination system
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that the zero-crossing time of a doubly differentiated (bipolar) signal
is dependent on the risetime, and is essentialy independent of amplitude.
Gamma-ray induced pulses have smaller risetimes that neutron induced
pulses.

The signal derived from the leading edge of the detector anode
signal starts time-to-amplitude converter (TAC). The dynode signal is
fed through preamplifier and amplifier, and routed to the zero-crossing
pickoff in the timing SCA. It provides a stop pulse for TAC, and
establishes the proper time relations between the pulses. The output of
the TAC is a signal whose amplitude is proportional to the time delay
between leading edge and crossover and it is used to gate the multi-
channel pulse (height analyzer (MCA)). Adc input of multichannel analyzer
receives signal from delay amplifier. The low level discrimination on
timing SCA 1is set to accept the amplitudes corresponding to neutrons,
and a coincident pulse is generated and used to gaté MCA such that only

neutron pulses are analysed.

1.1. Calibration

Calibration of light output of the ‘detector is carried out with
gamma source 22Na by means of the Compton edge position. For peak ener-
gies of 1,274 MeV and 0,511 MeV corresponding Compton edge are 1,06
and 0,34 MeV, respectively. Determination of the Compton edge position
relative to the position of the maximum and half maximum of the distri-
bution is determined from table 2). Relation between measured pulse ampli-
tude and channel number k is h = a+bk 3), where a and b are constants
obtained in calibration. Proton induced pulse heights versus energy are
determined by interpolating values obtained in absolute calibration with

4)

monoenergetic neutrons

2. UNFOLDING METHOD

Differential method is applied for unfolding neutron spectrum

from measured pulse-height distribution induced by recoil protons in

S)

scintillation detector . The effects of the double neutron scattering

on hydrogen and the loss of recoil protons through the end of the detec-
6)

tor are mostly removed with shape correction factor . Computer code
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7}

PULNE is developed basing on previous algorithm and can be adapted for
use on personal computer. The detector efficiency is calculated with the
separate program in 100 energy points, with 0,1 MeV step and involved as
a data library. The slope of the recoil-proton energy distribution is
obtained by average over 6 energy intervals (0,6 MeV), omitting one inter-
val on each side of neutron energy. Averaging the same data over a larger

energy tended to smear out the resolution and decrease- the statistical

fluctuations.

3. RESULTS AND CONCLUSION

Neutron spectrum from 241Am-Be source is estimated from measured

pulse height distribution by program PULNE. Comparing with referent spec-
8

trum ) shows good agreement, Fig.2. Employed measuring technique and

developed computer code enable further investigation in neutron spectro-

metry and dosimetry.
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Fig.2. Neutron spectrum from Am-Be source
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UNFOLDING OF SCINTILLATION SPECTRA USING APPROXIMATELY KNOWN
RESPONSE FUNCTIONS

M. Zadro and M. Bogovac
Rudjer Bo3kovié Institute, POB 1016, 41001 Zagreb, Yugoslavia

1. INTRODUCTION

The problem of reconstructing the neutron spectrum from the measu-
red pulse height spectrum is related to the solution of the Fredholm
integral equation. This problem is known to be ill-posed. The solution
is highly sensitive to small random errors in the data, i.e. the errors
in the scintillation spectrum and the errors- in response functions. In
this paper it is presented an iterative unfolding procedure, based on
the Tikhonov regularization method, which takes into account both of

these errors.

2. PROBLEM OF UNFOLDING

The response of the scintillation detector is related to the inci-
dent neutron spectrum &(E) by the following equation:

b B
U(xi) = I e(xi,E)O(E)dE + 6(xi) (1)

a

where e(xi,E) is the efficiency at an incident neutron energy E for a
bias X i.e. the integral of the response function from x1 to o U(xi)

is the integral of the measured spectrum from x, to «, and 5(xi) is the

i
random error associated with U(xi).
If € is known only approximately, then eq. (1) can be written as

b
Ulxy) = f e(x;,E)O(E)AE + 6(x,,9) (2)

a

where

a(xi,o) = 5:‘*1”’ + 6u(xi) 3y
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b .
6 (x,,9) = [ 6 (x ,E)®(E)dE (4)

a

Ge(xi’E) and Gu(xi) are the errors in the determination of e(xi,E) and
U(xi), respectively.

It is assumed that the errors 6 are uncorrelated and that their
means and variances are known, & = 0, &= ¢®. Using eqs. (3) and (4),

after discretization of ®(E), one obtains

o (x,,0) = a:(xi,w) + o;(xi) 5)
2 2 6
oe(xi,o) = §02(xi,EJ)02(EJ)(AEJ) (6)

3. REGULARIZATION

3.1 Tikhonov's Regularization Method, Ge =0

In accordance with the method of Tikhonovl), the solution of the

problem (1) minimizes the functional

b b
F= zof (] elx,E)O(E)E - Ux )T+ aftd°‘5)]2dz (N
i
a

dE
a

where ui are the weights, u§.¢1/aﬂ(xi). An optimal regularization para-
meter a is determined by the residuals1)
b

2
f“'zi [ e(xi,E)anpt(B)dE - U(xi)] = R (8)
a - .
R = fmioz(xi) ) (9)

3.2 Solution of Problem with 6 # 0

Since o (eq. (5)) depends on the unknown function ¢ an iterative
procedure is used in this case. The initial approximation of the solu-
tion is calculated setting °e=0 and applying the method of Tikhonov. If
the minimum of the first term in eq. (7) is larger than R, then it has
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to be added to R in eq. (8)2). 0: is then calculated from eq. (6). The
new 92 = o; +-cé is used to calculate a more accurate neutron spectrum

¢. This process continues until a converged spectrum is obtained.

4. CALCULATIONS

In test calculations the "experimental" data U(x) are calculated
from the efficiency e(x,E) = 1 - x/E, x < E, and neutron spectrum ¢(E)
taken to be the sum of two or three Gaussian. The noise added to e and
U was given by Gaussian random number generator with a standard devia-
tion ou(x) = U(x)l/zand~a (x,E) = p e(x,E)Flz. The parameter p is var-
ied in the range XO-A - 5x10° . The error of U(x) is controlled by the
total number of detected neutrons, Nd = U(0).

Fig. 1 shows typical results of test calculations. The unfolded
spectrum is in good agreement with its original. The optimal amount
of smoothing of the solution, and thus the energy resolution of the

method, depends on the errors in the data.

5. CONCLUSION

An iterative unfolding procedure based on the Tikhonov method is
proposed. It can be applied to the problem of unfolding of scintilla-
tion pulse height spectra. The errors in the data, both in the scin-
tillation spectrum and in response functions are taken into account in

the determination of the degree of smoothing.
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O(E) [erb. units]
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Fig. 1. The true (—) and unfolded (e,0) neutron spectra for different

error levels.
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A Ne¥ APPLICATION OF Am-Be NEUTRON SQURCh---

PRODUCTION OF 5--10 MeV GAMMA RAYS FOR CALIBRATION

Ye Zongyuan,Li Jingwen,Yue Gang and Shi Detang

Institute of Atomic Energy
P.0.Box 275-60,Beijing,China

Discrete nigh energy Y-rays were produced
utilizing the Am-Be neudtrons through the
radiation capture process and the (n,«)
reaction, The device can be conveniently
used for energy calibration of gamma de-
tectors.,

The energies of the Y-rays from radioisotope sources
are usually lower than 3 MeV, For higher energies of Y-rays
one has to use nuclear reactor or particle accelerator. He-
re we report a method which uses a 10° n/s Am-Be neutron
source to generate monochromatic Y-rays in 5--10 MeV range.
The device is very simple and can be conveniently used for
the energy calibration of Ge(Li) and HpGe detectors,and may
also be used as energy reference for Nal(Tl) and BGO detec-
tors,

o7
R
I

A sketch of the ex-~ Paraffin

perimental arrangement is

4~+—-Am-Be source
shown in Fig.l. The neut- :

ron source with a streng- ‘::;7Rad1ato?

tn of 1.8K105n/s was sur- g //J material
rounded by a 1 cm thick Bismuth plate
paraffin layer,a layer of | C
radiator material and a 5 -

cm thick paraffin layer l — Ge(Li)

successively. The Y-spec- i detector

T
trum was measured with a L———f———J

|
Ge(Li) detector under the Fig.! Experimental arrangement
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neutron source at a distance of
and tne detector

Between the source
10 mm thick bismuth plate to
Y-detector was shielded by a cap

10 cm.
we placed a
reduce soft Y-rays. The
made of Pb and B“C. The dergy resolution of the germanium
detector was 3.5 keV for Co Y-lines.

The Y-energies were roughly calibrated by a
ce and the

6

OCo sour-
4430 keV Y-line from the neutron source itself.
The accurate values were obtained from tne level scheme of

final nucleus of the reaction.

Fig.2 shows the Y- N o
spectrum accumulated in | g .
S hrs, In the right part Toe
one can see the peaks of ““:§NA 3 N A
the 7638 keV y-line. The ‘AEELA 2 KS =
peaks in the 1left part 1 w%i : = ; N
belong to 4430 keV Y-ray B ; A. >
coming from the 9Be(ol,n) fecet fA #:**-%JA R
laC‘reaction. A #100x100 L V‘%%A
mm NaI(Tl) scintillation T
counter,whose efficiency Ey,keV
had been calculated by Fig.2 VY-spectrum from Fe radiator
Monte~Carlo - method, was

used to measure the strength of the Y-lines. The intensity
of 7638 keV line was about 500 /s, while the 4430 keV line
is 20 times stronger. In addition, there also exists a 2230
keV line in the spectrum, which comes from
neutrons by hydrogen, 7

tne capture of

A series of Y-lines can be generated by means of a
radiator,

Ni
Among the high energy part of the Y-Spectrum the
intensity of 8998 keV line is the
more than 40 % of the total.

Fig.3 shows the Y-ray spectrum for Cl capture (we used
HgCl2 as radiator) obtained The e-
nergies (in keV) for these Y-lines are as follows: 8578.65,
7790.40, 7414.01, 6627.96, 6619.76, 6111.00 and 5715.40,re-

highest which amount to

from a three hour run.
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Spectively‘ .

Througnh the ‘9F(n,d)
N reaction a single 1li-
ne of 6128 keV can be ob-
tained. In this case the

16

experimental arrangement
was similar to K.J.KingZ)
It has been estimat-
ed for the above geometry
that the fast neutron
fluence rate at the Y-de-
tector site was 40 n/s,
which is small comparing
to the damage threshold
of tnhe ordinary germanium
detectors (IOlo n/cma).

fvc :':
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Fig.3 ¥-spectrum from Cl radiator

From above we may conclude that with Fe, Ni, Cl and F

converters a moderate intensity Am-Be neutron source can be

used as a convenient tool for the calibration of gamma de-

tectors, Especially the Y-rays from the

chlorine capture

can provide very accurate energy scales for germanium dete-

ctor calibration in the on line measurements.

Ne would like to thank Profs,

Yifan for enlightening discussions.

Huang Shengnian and Gu

i, Stels,M.L.. and Chrien,R.E., Nucl.,Instr, and Meth,,155,

253(1978)

2. King,K.J. et al., Nucl.Instr. and Meth.,227,257(1984)




250

FAST NEUTRON SPECTRUM DETERMINATION
WITH THRESHOLD DETECTORS AT THE RB REACTOR

M.SokZi&-Kostié, M.PeSié, D.Antié
The Boris Kidril Institute of Nuclear Sciences
Nuclear Engineering Laboratory, 11001 Belgrade, P.0.B 522
YUGOSLAVIA

The fast neutron spectrum determination with threshold detectors
at the RB reactor is described in this paper. The experimental
results which are obtained on the coupled fast-thermal system
CFTS-2 are given. At the end two different numerical methods

tfor obtaining the fast neutron spectrum on the basis of experi-
mental results are compared.

1. RB REACTOR

The RB is a zero power nuclear facility in the Boris Kidril
Institute of Nuclear Sciencesl). It is possible to create the fast
neutron fields by applying 80% enriched uranium fuel eleménts. The
possibilities to obtain different neutron spectra are investigated

using the converter and additional nonfissionable screensz). The

modified experimental fuel channel EFCa) and convertors of neutrons
inside the RB reactor CFTS-1 and CFTS-2 were created in continuing

4)

of this investigation . The devices give well defined neutron fields.

1.1. Coupled Fast-Thermal System No.2-CFTS-2

The fast core of CFTS-2 is formed of natural metal uranium
fuel elements. The central area of the fast core is an air filled
cylindrical experimental space with diameter of 150 cm and height up
to 120 cm. The thermal RB core (driver) has a standard RB lattice
pitch of 12 em of 2% enriched metal uranium and 80% enriched UO2

fuel elements in D20 moderator.

2. NEUTRON FLUX DENSITY MEASUREMENTS IN CFTS-2.

. . 5),6
Neutron flux density is measured by activation technique )y ).
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Thermal and epithermal flux density are measured by foil acti-
vation technique. Gamma activities of these foils are measured using
scintillation technique. The experimental results are treated with ACT
code that gives foil saturated activity and neutron flux density. It
is based on analytical relations accounting for all necessary physical
and geometrical corrections.

The absolute value of thermal neutron flux density in the
centre of CFTS5-2, for RB being 1W power is

Fth = (4.05:0.20)x105 n/cmz/s, E=< 0.625 eV

Radial and axial distribution of fast neutron flux density is
measured by means of threshold foil detectors. Gamma and beta activities
of foils are measured using scintillation technique and 4%/ absolute
counting method, respectivelly. The measurement results are also treated

by ACT code. Some of results are given in Table 1.

Table 1. Axial distribution of fast neutron flux in CFTS-2

H(cm) ¢ (n en/s/w) H(em) 6 (n/cn®/s/w)
15 (4.92 + 0.18)x10° 75, (8.67 + 0.31)x10°
30 (6.80 + 0.25)x10° 90 (7.37 + 0.27)x10°
a6 (8.80 + 0.32)x10% 112 (4.32 + 0.16)x10°
60 (8.79 + 0.32)x10° 122 (3.13 + 0.12)x10°

3. FAST NEUTRON SPECTRUM IN CFTS-2

Codes HEFEST7) and PRAG are used for obtaining the fast neutron

spectrum in CFTS-2 on the basis of results of ACT code. The codes are’
based an methods of maximal probability and adequate shape functions in
fast region respectively. Code HEFEST returns fast neutron spectrum which

is given in Table 2.
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Table 2. Fast neutron spectrum in CFTS-2

E(MeV) ®(n/cm/s/MeV) E(MeV) $(n/cm?/s/MeV)
1 1.26 x 106 6.5 1.16 x 104
2 2.71 x 105 7 6.59 x 103
3 1.06 x 105 8 : 2.81 x lO3
a 6.11 x 10% 9 1.45 x 10°
5.5 4.36 x 104 10 3.69 x 102

Code PRAG gives the following shape of fast neutron spectrum

F(E) = E—O.77E E1/2

which is very similar to previous result.

4. CONCLUSION

Developed fast neutron fields will be used for further inves-
tigation in the fields of spectrometry, dosimetry, irradiation studies,

etc.
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FAST NEUTRON FIELDS AT THE RB NUCLEAR REACTOR

M. PeSié, P. Strugar (IAEA, Vienna), H. Markovig@,
D. Stefanovié, "Boris Kidri&" Institute of Nuclear
Sciences, Nuclear Engineering Laboratory, Vinfa, Yugoslavia

In Yugoslavia nuclear power technology has been introduced
recentiy . That means that nuclear power plant Krd3ko is in operation
since a couple of years ago.

The RB nuclear reactor at the Nuclear Engineering Laboratory
of the "Boris Kidri&" Institute of Nuclear Sciences (1) was the first,
zero power, bare, heavy water critical facility in Yugoslavia. The
natural metal uranium, the 2% enriched metal uranium and 80% enriched
uranium dioxide fuel elements are available.

The investigations of fast Neutron fields at the RB reactor
were initiated in 1976. These studies were performed on the NEUTRON
CONVERTOR (NC) using 80% enriched fuel elements (2). The NC transforms
the RB thermal leakage neutron flu# into a fast fission neutron flus.
The principal advantages of the NC are easy accessibility to the large
experimental space and the possibility of down-shifting the fast
neutron spectrum using screens of various materials.

The intensity of the fast neutron flux was up-graded in
1982, when an EXPERIMENTAL FUEL CHANNEL (EFC) was constructed (3).
The EFC was formed of modified 80% enriched 002 fuel elements in a
standard fuel element channel of the RB reactor.

Almost simultaneously, in 1981. a feasibility study on a
COUPLED FAST-THERMAL SYSTEM (CFTS) began. It was based on the know-how
acquired through the work‘on the NC and the EFC and the theoretical

methods and numerical codes for fast neutron fields developed at the

Nuclear Engineering Laboratory.
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The goal was the realisation of the CFTS at the RB reactor
using existing nuclear fuel with minimal reactor system modification.
It was achived at the end of 1984.

All the calculations for the CFTS on the RB reactor were per-
formed using numerical codes developed at the Nuclear Engineering Labo-
ratory.

The fast core of the CFTS-1 was formed of 80% enéiched UO2
fuel and the natural metal uranium fuel elements forming a blanket (4)
The central area of the fast core is an air filled cylindrical experi-
mental space with a diameter from 20 cm to 30 cm and a height of up
to 120 cm. The thermal RB core (driver) has a standard RB lattice pitch
of 12 cm of 2% enriched metal U fuel elements and 80% enriched UO2
fuel elements in the D20 moderator.

Very thorough safety analyses were perfofmed for possible
accidents during the operation of the RB reactor as an CFTS. It was
shown that the operation of the RB reactor with the CFTS is safe.
Neither the staff, nor the system components will be exposed to higher
doses during serious accidents. The safety system of the RB reactor can
quickly and safely shut-down the reactor during the most probable
accidents.

The main characteristics of the obtained fast neutron fields
at the RB reactor, NC, EFC and CFTS~l, are shown in Table 1.

The following various goals set for production and investiga-
tion of the fast neutron fields of the RB reactor are achieved:
Production of the fast neutron fields by small modifications of a zero
power research thermal reactor as a step leading to development of
fast reactor technology in Yugoslavia, Significant contribution in
devéloping new theoretical methods and numerical codes for fast
neutron fields computations, experimental methods for fast neutron

fields study, etc.
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Table 1.

Fast Neutron Fields Characteristics at the RB Reactor

Fast neutron Neutron Exp. Fuel Coupled Fast-
Field Converter Channel (EFC) Thermal System
(NC) (CFTS-1)
' 5 6 6
Fast Neutron Flyx 1.10 , 2.7 10, 1.4 10,
at 1 W RB Power En 0.1 MeV En 0.1 MeV 0.8 MeV
Max.Exp.Space Air space: Air hole: Air hole:

width 100 cm

Diameter 2.5 cm

Diameter 20 or. 30cm

height 100 cm Height 110 cm Height 120 cm
lenght 100 cm

‘Max. Tot. Dn(l W) 8 mGy/h 410 mGy/h 290 mGy/h

" Max. Tot. 0.6 mGy/h 350 mGy/h 75 mGy/h

Df(l W)







Chapter V

FAST NEUTRON REACTIONS
(EXPERIMENTAL)



MEASUREMENTS FROM 5 to 10 MeV OF DOUBLE DIFFERENTIAL (n,a) CROSS SECTIONS
OF Ni AND Cu

Eric Wattecamps and Felix Arnotte

Commission of the European Communities,
Joint Research Centre - Geel,
Central Bureau for Nuclear Measurements,
BELGIUM

In the framework of CBNM's programme on fusion
reactor neutron data, the alpha-particle angular-
and energy- distributions of (n,a)-reactions on Ni
and Cu were measured at the Van de Graaff
laboratory from 5 to 10 MeV neutron energy in steps
of 0.5 MeV. Our alpha-particle yield data are
compared to all data available in literature and in
particular to the recommended sets ENDF-B-5, JEF-1
and JENDL-2. This comparison illustrates the
agreement between experimental data obtained by
various techniques but also indicates significant
differences from the ENDF-B-5 data.

1. EXPERIMENTAL CONDITIONS

A recent retrieval of (n,a) requests!) shows 105 requests for (n,a)
and total a-production cross-section measurements. Many requests are made
for structural materials of fusion reactors, such as Ni and Cu. The
reques:ed‘data_are needed for dosimetry, activation and radiation damage
studies. Measurements are scarce, and evaluations are quite diverse.
Therefore, (n,a)-cross-sections were measured.

To measure prompt (n,a) rates a muliitelescope composed of five
telescopes, each of them with two AE and one E-detector, was designed and
used by A. Paulsen et al.2) To increase the efficiency and to reduce the
background, the multitelescope (see Fig. 1,) was adapted by several means
3-4). sample closer to the target, but withdrawal of shield; multi-wire
proportional counters with a cross-sectional area limited to the angle
subtended by the surface barrier detector; inner surfaces of the detector
housing and the frames sustaining the wires made of tantalum;
implementation of an on-line dead time determination system.

A detailed déscription of the data acquisition system together with
double differentiﬁl cross-section data will be published elsewhere.
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The measurements yield a-particle rates for five angle ranges and 6l
alpha- particle energy groups at eleven neutron energies between 5 and 10
MeV. Integration over all alpha energies above 2 MeV is straight forward.
Integration over 4w is done by weighted summation, with the weights
proporticnal to the angular acceptance of each telescope. The rates are
converted to absolute cross-sections by normalisation ¢to H(n,p) rates

observed under identical conditions with the 14° telescope.

NsAMPLE

/r*D-TARGET

/—D‘-BEAM TUBE

FIG1 THE MULTI-TELESCOPE. MULTI WIRE PROPORTIONAL COUNTERS
TO DETECT AE AND SURFACE BARRIER DETECTORS TO DETECT E.

2. RESULTS

Energy-and angle-integrated a-production cross-section data of Ni
are shown in Fig. 2 together with earlier measurements 2,5,6). Data of
ref. 5 are deduced from activation measurements, whereas data of ref. 6
rely on a combined technique of a two element telescope (AE, E) as well as
E by time-of-flight. Our data are slightly and systematically lower than
.the data of ref. 2, are much lower than the data of ref. 5, but agree with
data for elemental Ni deduced from recent measurements of 58Ni(n,xa) and
60Ni(n,xa) made by S.L. Graham et al.b). The evaluation of ENDF/B-5 for
gas production 7) recommends larger values than any measurement; the
evaluations JENDL-2 and JEF-1 9) are lower but still slightly higher than
our data.

Energy- and angle-integrated (n,a) cross-section data of Cu are
summarised in fig. 3. Three measuring campaigns are shown with consistent
results. The Cu(n,a) cross-section deduced from Cu(n,a) to Ni(n,a) ratio

measurements 1s obtained with the Ni(n,a) cross section previously
determined (see Fig. 2).

There are no measurements of prompt (n,a)
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reactions of natural copper, but our measurements can be compared and

agree well with (n,a) data obtained by combining activation measurements

for 63Cu ref.

evaluation ref.

10) with the small

11). (Fig.3).The
evaluations of the ENDF/B-5 gas
clearly shows two different slopes.

THIS WORK

PAULSEN  (1981)
QAIM (1985)
GRAHAM  (1985)

ENDF/ B-5 (1977)
JENDL-2 (1985)
JEF-1 (1985)

contribution of 65Cu

deduced from an

comparison of measured data with the

production file,

O [mb]

T
7

«
o

H H 0 W
ENERGY [MeV]

FiG.2 MEASURED AND EVALUATED ALPHA PRODUCTION
CROSS ~SECTIONS OF Ni.

3. CONCLUSIONS

and JEF-1 as well,

THIS WORK: FROM Cu{n,a}/Niin.a)
THIS WORK, FROM Cu(n.a)/H(n.p}
WINKLER(1982) € HETRICK (1984}
ENDF/ B8-5 GAS FILE (1981}

JEF-1 (1984)

T T T T T
S 6 7 9 0 n

8
ENERGY [Mev]

FIG.3 MEASURED AND EVALUATED ALPHA PRODUCTION
CROSS ~SECTIONS OF Cu.

The multitelescope is a sensitive device for measuring double

differential (n,a) cross-sections

in reasonable measuring periods for
cross-sections as small as 300 ub sr-1.
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Measured Ni(n,a) cross-sections data as well as evaluations scatter

by approximately 20 %. Our data are lowest and agree well with recent data
obtained by a different technique.

Our measured Cu(n,a) cross-section data agree well with data from
another laboratory obtained by another technique but are quite different
in slope compared to evaluations.

It is questionable whether the large number of double-differential
data now available is wanted and whether it is senseful to implement them

in new files as long as a consensus on integral (n,a) data is not yet
achieved.

Double differential (n,a) cross-section measurements of single
nuclides of 58Ni, 60Ni and 63Cu are planned, to compare more closely with
activation measurements and to provide experimental data more suited for
comparison with nuclear model calculations.

A (n,a) cross-section from a nucleus with a high coulomb barrier and
Wwith a large yield of a-particles of some MeV, such as 58Ni(n,u) if known
well, could be a convenient reference cross-section for measuring other
{n,a) cross-sections in identical conditions, thus avoiding any change in

detector settings or accelerator conditions as required when H(n,p) is the
reference reaction.

The authors are very thankful to Dr. H. Liskien for many helpful
discussions and for his continuous support.
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FAST NEUTRON CROSS SECTIONS ON ZIRCONIUM
ISOTOPES

A. Marcinkowski, K. Stankiewicz® and U. Garuska®™*
Institute for Nuclear Studies, 00-681 Warsaw, Poland
*Institute of Atomic Energy, Swierk
**University of Eddz, Lédz

Cross sections for the (n,p) reaction on
90,91492,%%47 1 ana for the (n,et) reaction on
90’94Zr have been measured in the neutron ener-
gy range from 13 MeV to 16.6 MeV, Use was made
of the activation technique in connection with

high-resolution ¥ -ray spectroscopy.

1. INTRODUCTION

Besides interest from the viewpiont of validation of
nuclear reaction models measurements of cross sections
for neutron induced threshold reactions as & function of
projectile energy are also of interest for applications.
This is particularly true for reactions on isotopes of
zirconium since it has been proposed as constituent of
structural materials for fusion reactors. So far excitation
curves have been measured on 9oZr152). Measurements for
reactions on heavier zirconium isotopes are very scanty
and confined to neutrons with energies around 14 MeV only.
These facts stimulated us to measure the (n,p) reaction
cross sections on 90'91'92’9u2r and the (n,uJ reaction
cross sections on 90’94Zr in the neutron energy range from
13 MqV to 16.6 MeV.

2., EXPERIMENTAL PROCEDURE AND RESULTS

The irradiation with neutrons was conducted at the Van
de Greaff accelerator, which provides about 40 A of deu-
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teron beam. Deuterons have been accelerated to 440 keV and
990 keV in order to obtain monoenergetic neutrons at high
output from the T(d,n)qﬁe reaction. The samples were metal-
lic zirconium cylinders manufactured by Johnson Matthey and
Co. They were held at 2.5 cm from the beam spot on & tri-
tiated zirconium layer. The neutron flux was monitored by
irradiation of iron démples in the same geometry but sepe-
rate accelerator runs. The fluctuations of the flux during
runs were detected by measuriné protons recoiled from a
thin polyethylene foil with help of & Cs(Tl) scintillator.

The activetiom products were determined by Jwray spec-
troscopy with use of a 80 cm3 Ge(Li) crystal, accompanied
with standard ORTEC electronics and a ND-4420 analysing
system. Both the characteristic ¥ -ray energy and half-life
were considered in the determination of ectivation product.

The final results have been corrected for summing of
pulses in the Ge(Li) crystel due to cascading ¥-rays in
the semple., The (n,p) cross sections comtain minor contri-
butions from the (n,d + n,np + n,pn) reactions. The errors
contain both statistical and systematic uncertainties. The
latter ones coneist mainly of the error of the reference
reaction, estimated to about 5%, and of the uncertainty in
tegration of the pulse height spectrum, which amounts to
10% for weak [J-ray lines.

3. STATISTICAL MODEL CALCULATIONS

The measured cross sections were analysed in terms of
the B-F and the geometry dependent hybrid models’). The
computer code EIPIREB) has been used for conducting the
calculations. The perametrisation of the computations wes
based on the global optical potentisls of noldauer4) for
meutrons, of BJjbrklund and Fernmbach for protons and of
McFadden and Satchlors’s) for alphss. The level demsities
of Cameron and Gilbert7) were used with paremeters from
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ref.s).

The theoretical calculations are compared with expe-
rimental results in figs. 1-4. The theory reproduces well
the excitation curves for the 9OZr(n,p)9os’mY reactions.
This is further confirmed by the good fit between the cal-
culated and measured9) proton spectra, For the heavier
target isotopes the agreement is less satisfactory, which
seems to indicate that the global optieal potentials fail
to describe the local isotopic effects.
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NEUTRON ENERGY  MeV

Pigs. 1 - 4, Comparison of the calculated and measured
cross sections for the (n,p) reaction on 9°Zr, 91Zr,
922r and 942r targets. Circles are from ref.1o) end
crosses are present results. The deshed line shows the
compound nucleus comtribution. Solid line shows both

the compound nucleus and pre-compound sum. Cross sections

for population of isomeric states are indicated.
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RECENT DEVELORMENTS IN THE STUDY
OF (n,o) REACTIONS OF HEAVY NUCLEI

L.Gtowacka®, M.JaskStat, J.Turkiewicz',
J.Dalmae*t, A.Chiadli**|l,E.cadioli**™,
E.Gadioli Erba***, L.zemio*t**

+ Institute for Nuclear Studies, Swierk, Poland
++ Centre d’études Nucléaires de Bordeaux, France
+++ Istituto di Pisica Nucleare and Dipartimento di

Fisica dell Universita, Milano, Italia
++++ Heavy Ion Laboratory, Warsaw University, Poland

The energy and angular distributions of o(-par-
ticles emitted in (n, ) reactions induced by
14.3 and 18.1 MeV neutrons on zirconium nuclei
(one with a magic neutron shell and the other
with one more neutron outside, the shell) have
been measured and compared with each other.

In our earlier work it was shown that in (n, o) reac-
tiona induced by fast neutrons on nearly magic nucleus
143Nd, the last 83rd slightly bound neutron acted as a
spectator in the proceaa1 . These results prompted us to
investigate the spectator role of the 51st neutron in
91Zr. ) )

The experimental arrangement was similar to that used
in our earlier work™ ., Fast neutrons were produced in the
3He(d,n)4He reaction with 2 MeV deuterons accelerated in
a Van de Graaff accelerator. The neutron flux was monito-
red by counting the recolled protons from a polyethylene
f0il in a thin CsI (T1) scintilator counter.

The investigated targets were made of zirconium oxi-
des (enriched to 91.1% in J'Zr and 97.7% in 2°Zr) which

|]On leave of ahbgence from Rabat University, Morocco
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were depnsited onto thick aluminum backings by sedimenta-
tion technigue. The target thicknesses were between
1.5 - 4.7 v—-/m?, .

The energy of L-particles were measured by silicon
surface ctarrier detectors. All ct~-particle spectra were
nenaure: at an average angle of 25.50 w#ith the anzular
spread of I 167,

Jompariscn of the o€ gpectra from the investigated
reacstions (fig.1) shows that 8881' levels below about 4 heV

5.01:2_ S._%S

1.0_ "Zr(n a¥sr - ' *
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. { E,= 181 BGA;V
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osfy IFHutl |
h }*{ }* {} hM ‘
} bt ¥ n W o <
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Fig.1. Energy distritutions of < -particles from (n, o)
reactions on 9oZr and 9 Zr isotopes.
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are very weakly excited. On the contrary low lying ievels
of 87Sr are populated with high intensity. The main maxi-
ma in the two spectra are correlated and also the absolu-
te yields of alphas in both reactions are comparable,
suggesting that similar configurations must be involved
in the excitation of those two residual nuclei. Assuming
~ the apectator role played by the 518t neutron (2d5 2)1n
91Zr we would expect to excite predominantly states cor-
responding to the coupling of this neutron to the neutron
hole states in 87Sr. The neutron particle-hole states in
885 have been investigated through the reaction 87Sr(d,p)
88Sr and the spectroscopic factors taken from ref” are
reported in the upper part of fig.t. One can see the cor-
respondence of the spectroscopic factors distribution and
ofl~particles yield.

The measured angular distributions show that X~-parti-
¢cles are predominantly emitted in the forward direction.

Detailed theoretical calculations for the considered
reactions using both pick-up and knock-on DWBA theories4’5
are in progrese.
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ANOMALOUS BEHAVIOUR OF THE RATIO OF (n, @) AND (n,p) CROSS SECTIONS

ON ALUMINIUM MEASURED AROUND 14.7 MeV

. . * . * LN
M. Ibn Majah , A. Ait Haddou , M. Viennot and G. Pail
*
Laboratoire de Physique Nucléaire, Rabat, Morocco

*3
Rudjer Bo3kovié Institute, POB 1016, 41001 Zagreb, Yugoslavia

A very careful analysis of the energy behaviour of the
activation cross sections for the Al(n,p) and Al(n,a)
reactions has been made in the energy range available
with a 300 kV neutron gemerator. The results indicate
that at energies around 14.7 MeV there is a departure
from the trend of the ratio as predicted by the latest
evaluations of o(n,a) and o(n,p). The departure is of
the order of 10% and is much larger than the uncertainty
in measurements. ‘

Comparison of the behaviour of the cross sections
measured for other nuclei indicate that the observed
anomaly should be attributed to an increase in the
Al(n,a) cross section.

1. INTRODUCTION

The Al{(n,a) and Al(n,p) reactions are often used as monitor reac-
tions. We have measured the ratio of the two reactions in function of
the energy of the neutrons and compared it to the ratios obtained from

1,2)

evaluated data ~ .

2. EXPERIMENT

The measurements have been performed using the unanalyzed deuteron
beam of the neutron generator of the Mohammed V University in Rabat. The
accelerating voltage was 250 kV. The target used was a CEA target AD35,
with a 1.1 mm Cu backing and a TiT layer 600 pg/cm2 thick. The target is

covered with a plastic hood in which the cooling water circulates on the

sides. The irradiated samples were placed at 5 cm from the center of the
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target. The beam spot is about 1 cm diameter. The counting of the Al
foils is done 1 cm from a GelLi detector with corrections for pile up,

sum coincidences, and dead time accounted for.

3. RESULTS

The measurements were made at different angles with respect to the
deuteron beam and the results of measurements and corresponding results

from evaluations are presented in Table I.

Table I
B . [¢] /0
Angle (E ) . ne m.pe .
] n Experiment Evaluation
Le]
0 (14.7 MeV) 1.77+0.02 1.56
(]
60 (14.4 MeV) . 1.66+0.02 1.57
L+
90 (14.1 MeV 1.58+0.02 1.56
110°(13.9 Mev) 1.5610.02 1.57

The results indicate a disagreement around 14.7 MeV between the results
predicted by the evaluations and the present measurements. The comparison

of the cross sections for 56Fe(n,p), 59Co(n,u), and 65Cu(n,2n) obtained with
both monitor reactions at Oo give results that are lower than literature
values when the (n,a) reaction is used as monitor. This fact seems to

indicate that there would be a rise in the (n,a) cross section around

14.7 MeV.
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9
(n,t) REACTION ON Be AT 14.6 MeV

M. Zadro, S. Blagus, D. Miljanié and D. Rendié

Rudjer BoSkovié Institute, POB 1016, 41001 Zagreb, Yugoslavia
1

The sum_of the 9Be(n,t°)7Li and 9Be(n,t1)7Li reactiop cross sec-
tions was measured at an incident neutron energy of 14.6 MéV using a
counter telescope for triton detectioA. The angular distribution of
‘these reactions was obtained for the c.m. angles up to 900. It is nearly
isotropic. Assuming a forward-backward symmetry of the angular distribu-
tion, the total cross section for the (n,t) reaction on gBe is found to
be 2422 mb. This result (empty square on Figure 1) compares favourably

with the data from the tritium beta counting experiments.

¥ T T T T
24} 4
9Be (n,t,,)
0
£
~ 16} .
=
o Y
5
] sk 9Be(n.t,) B
a 9
g O g ¥ d
o
(8]
i ] 1 ] i

13 14 15
NEUTRON ENERGY/ MeV

9 7 . -
Fig. 1 Measured Be(n,t) Li reaction cross sections

The complete version of this paper was submitted for pgbliqation
in Nuclear Science and Engineering.
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STUDY OF 56Fe(n,n’y) REACTION AT 14.1 Mev

A.A.Lychagin, S.P.Simakov, O.A.Salnikov, B.V.Dewkin,
A.B.Pashchenko

Institute for Physics and Power-Engineering
249020 Obninsk, USSR
and

T.Sztaricskai, G.Petd
Institute of Experimental Physics, Kossuth University,
H-4001 Debrecen, Hungary

Experimental and theoretical studies were carried
out on 56Fe(n,n’y) reaction at 14.1 MeV. The neu-
tron spectrum measured by a gamma correlated neu-
tron spectrometer was compared with spectra from
other experiments and also with the calculated
one by STAPRE code. Contributions of secondary
effects were taken into account.

1. EXPERIMENTAL TECHNIQUE
The geometry of the experiment is shown in Fig.l. A de-

tailed description of the spectrometer is under publication
1.)

nr srget hotder T T T T T T
mpte Beam line ”ﬂ 5 e ina’} ssFe B
e 9 o present work
;. ¥ Kozyr et ot pinn'T)
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l Ti — l 0' 4
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scale m wm NE 218 + XP 1041 - € [Mev]
Fig.l. The experimental Fig.2. The emitted neutron
setup and geometry spectra

2. EVALUATION OF THE MEASURED DATA

A comparison of the present experimental (n,n’y) spec-
trum with the data of other experiments 2-4.) is given in
Fig.2. The deviations in the energy range of 1-3MeV demon-
strate the important contribution of energy resolution de-
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termined by the incident neutron energy spread, the time
resolution of the spectrometer and the uncertainty of the
flight path. The comparison of the total energy resolution
of the four experiments is shown in Table 1.

Table 1.

Comparison of (n,n’y) experimentsaround 14 MeV on 56Fe

Experiment EoiMeV] AE [MeV] <r}7[eV] jk(EydE [mb}

around E=2.5MeV exp. calc.

Present work 14.1 0.5 .1-5 55429 29
(0.1<E<0.9MeV)

Stengl et al.2.) 14.4 1.0 - - -

Kozyr et al.3.) 14.6 0.6 20 30 54

(0.5<E<1,1MeV)
Betak et al.4.) 14.6 0.65 - - -

The experimental neutron spectrum below 1 MeV shows an
intense rise to lower energies both in Ref.3) and the pres-
ent experiment, too. This rise in the energy spectrum was
interpreted in Ref.3.) by the contribution of (n,yn’) pro-
cess. ’

3. CALCULATIONS

To check the above statement we have calculated the neu-
tron spectra by STAPRE code 5.) in the frame-work of Hauser-
-Feschbach-Moldauer formalism, taking into account the cas-
cade emission of gammas and the preequilibrium secondary
particle emission. The (n,yn’) process was calculated as
well, which should have a high contribution according to
Kozyr et al.3.). Calculated emitted neutron spectrum in Fig.
3 showes good agreement with experimental data up to 9 Mev
‘confirming the models and parameters chosen. The neutron
spectrum from (n,n’y) reaction in Fig.3 shows a very strong

fall below 2.9 MeV corresponding to the decreasing value

of <FY> average radiation width. The high contribution of
(n,yn’) process has not been confirmed by the present cal-
culations. The most probable explanation for this rise is
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Fig.3. Comparison of the ex- Fig.4. The correction for
periment with calculations multiple scattering

the uncertainty of neutron detection in the low energy
region.

The analysis of the gamma correlated experiments shows
a high contribution of the multiple scattering of neutrons
in the sample in the energy range of 1-3MeV. This contribu-
tion was calculated by the BRAND code 6.) based on the Monte-
Carlo method. .

Fig.4 shows a comparison of the experimental data with
the calculated spectrum. The calculations for the (n,n’y)
spectra based on STAPRE code with <FY>=1 eV were corrected
by BRAND code for the actual conditions of the present ex-
periment. The calculated spectrum shows a relatively good
agreement with the measured data in the energy range of
1-3Mev.
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Li(n,n")’Li * (478) NEUTRON ANGULAR DISTRIBUTION
DERIVED FROM DOPPLER-BROADENED y-ENERGY
DISTRIBUTIONS

Horst Liskien and Shanglian Bao*
Commission of the European Communities,
Joint Research Centre - Geel,
Central Bureau for Nuclear Measurements,
BELGIUM

Doppler-broadened y-energy distributions from
the decay of the 1St excited state of 7Li (478 keV,
73 fs, }7) have been determined for primary neutron
energies between 4 and 10 MeV in steps of 0.5 MeV
and for y-observation angles between 45° and 135° in
steps of 22.5°.The observed width is about 10 times
the resolution of the Ge-detector. Position and
shape are determined by the energy- and angle-
distribution of the excited ’Li recoils. The short
half-life ensures that energy loss of the recoils
before y-emission is small and can be treated as
correction. The angular distributions of the
reaction in terms of C.M.-Legendre coefficients are
deduced by applying a combination of Monte-Carlo
calculations and least-squares fitting.

* Guest from University of Beijing

1. INTRODUCTION

Tritium breeding ratio determinat:ions\ for fusion blankets need
double-differential neutron emission cross sections as input data for
transport calculations. Angle-integrated inelastic scattering cross
sections via the Ist excited state of /Li (478 keV, 73 fs, }~) stem from
observing the C.M. isotropic U478 keV y-line. Angle-differential data exist
only for lower primary neutron energies where the transition to the 1st

excited state can still be separated from the ground state by time-of-

f‘light techniques. In the absence of any experimental information the
available files 1-3) assume simply C.M. isotropy. The present paper presents
such missing data which where obtained applying a novel technique.
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2. METHOD

Not the neutron angular distribution but the TLi* recoil angular
distribution has been determined and this via the Doppler shift of the 478
keV y-quanta. This Doppler shift is given by:

Ey
AEy = — um[cosem- cosa +sin@ . - sind- sinal m

where a is the y-observation direction relative to the incoming primary
neutron and ¢ the azimuthal angle of the reaction. The short half-life of
7Li‘ means that the y-deexcitation of the excited recoil occurs very soon
after the reaction such that the energy loss of the recoil in the sample
material (metallic lithium) can be treated as small correction. Details of
the method have been presented recently 4). Use is made from the fact that
for a given primary neutron energy both, the recoil velocity Vi 4g and the

recoil direction @ ,,, are simple kinematic functions of the C.M. recoil
angle @, only.

3. EXPERIMENTAL

Doppler-broadened y-energy distributions from the decay of the 1st
excited state of 'Li were determined for primary; neutron energies between 4
and 10 MeV in steps of 0.5 MeV and for y-observation angles e between U5°
and 135° in steps of 22.5°. The pulsed ‘monoenergetic neutrons were produced
via the D(d,n)3He reaction in the same manner as described in ref. 4 for 8
MeV. The effect of X(d,n)-neutrons produced by the structural material of
the gas target (foil, beam stop, etc.) Qas found negligible below 9 MeV
neutron energy. Break-up neutrons from the D(d np)D reaction 5) strongly
influence the shape of the Doppler-broadened y-line above 8.5 MeV. These
data have therefore not been analysed.

The experimental set-up was that of ref. U4 and includes a fast timing
channel. The obtained TOF-spectrum allows partly a distinction between y's
produced in the sample and in the detector. By setting an appropriate
window the flat background below the U478 keV y-line could be reduced. It
stems mostly from Compton-scattered y's which are produced in the Ge-
detector itself by Ge(n,n'y) processes of neutrons which were before
(elastically) scattered in the Li-sample.
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Data were accumulated in list
resolution of 125 eV/channel.

{and the

mode with a

The amplification
gain detector resolution) was
controlled by a 7Be-sour‘ce. After shifting the
Spectra accordingly and background subtraction

the data were condensed to 1 keV/channel. (Fig.1)

4. ANALYSIS

Assuming the C.M. angular distribution can
be expressed as a sum of Legendre polynomials we
have calculated for each observation angle and
each Legendre term theoretical line shapes using
(1. the
azimuthal angle ® and uses Monte Carlo techniques

equation The programme averages over

to include several corrections (energy/angle-
distribution of primary neutrons, sample
scattering, recoil energy loss, detector

resolution). Having established these spectra the
problem of finding the angular distribution is

now reduced to a simple least-squares fitting -

procedure which does not use any free parameters

other than the 4 relative Legendre coefficients
A1/A0 to AY/AQ.
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1: Observed and fitted Doppler-broadened y-lines at 8 MeV neutron
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INELASTIC NEUTRON SCATTERING CROSS SECTIONS ON ACTINIDE NUCLEI {Th,U]*

E.Sheldon, L.E.Beghian, J.J.Egan, G.C.Goswami, G.H.R.Kegel and A.Mittler
Department of Physics, University of Lowell, Lowell, MA 01854, U.S.A.

New experimental and theoretical cross-section data
of the Lowell group are presented for 232pp ang 238y
(n,ny'y) scattering tothe 2% and 4* rotational states
inthe formof level excitation functions from threshold
to 2.4o0r 3.1MeV and of level angular distributions
at E,=0.185and 0.550 MeV. Cross sections measured
with the direct (n,n') time-of-flight high~resolu-
tion technique are compared with ENDF/B-V evaluations
and "standard" (CN+ DI) or statistical S-matrix com-
putations. Preliminary angular-distribution results
for 235U(n,n') scattering at 0.185 and 0.550 MeV to
the experimentally-unresolvable adjacent rotational-
level doublet (9/27[48 keV}, 5/27[52 keV]) are also shown.

Complementing the Lowell group's ongoing set of investigations into

the dependence upon energy and angle of actinide (n,n’') scattering cross

sections for higher-lying vibrational states,l—3)

5)

and previous studies

of the 238y Jowest rotational levels,4' we have latterly employed the

6)

subnanosecond-resolution time-of-flight technique ' for detailed measure-
ments of (n,n1;2) cross sections to the first (2+[49 or 45 keV]) and second
(4+[162 or 148 keVl) excited levels in the ground-state rotational band

of the even-even (deformed, fertile) actinide nuclei 232Th and 2380, of
importance to breeder-reactor design and operation. Level excitation func-
tions were determined from threshold to 2.4 or 3.1MeV, and compared with
ENDF/B-V evaluations and a variety of theoretical computations, as were
also the (n,nl:z) angular distributions at E,= 0.185 and 0.550MeV. The theo-
retical calculations were based upon the "standard" (CN+ DI} formalism:
angle-integrated and differential cross sections were derived froma com-

. . ’ 7
bination of the Hauser-Feshbach-Moldauer CN programmes CINDY ) or JACQUI

8)

(the Lowell version of NRLY ') with the DWBA coupled-channels DI program

KARJUF {the Karlsruheg) variant of JUPITOR 10)) or, alternatively, from

l o) : . ’
the HRTW b statistical S-matrix programme NANCY .12 13) Generally good

14) 15)

fits ensued, compatible with the findings

of the Bruyéres-le-Chitel
16)

group. The data shown in Figs. 1-4 corroborate some previous results

and negate others from earlier studies by other groups.
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KEY: ¢ = this exp.; ——— = CINDY+KARJUP; ... = JACQUI+KARJUP; —e— = NANCY; —— = ENDF/B-V.
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states from threshold to En = 2.5 MeV. (a) Ens 0.185 MeV and (b,c) Enu 0.550 MeV.
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to (a) 2" [45 keV] and (b) & [148 keV] to (a,b) 2" and (c) 4" states at energies
states to En- 3.1 MeV. (4} = Ref. 5). {a) En= 0.185 MeV and (b,c) En= 0.550 MeV.
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r r r - . - . Tentative results are shown in Fig.5

S 235 R .
[ U(n,n') D for 235%g(n,n") "composite® differen-
N £ = 0.185 NeV : ' | :
£ " i tial cross sections for inelastic
R €T — . o . ’
z e T e b ' scatteringat E_ = 0.185and 0.550 MeV
£ a- T ,%\_#1_ = !
- ¢ Pty ' to the -experimentally-unresolvable
S : - ) .
T (9/27[46.21 keV] ,'5/2?[51.69} kev])
é Eme——— T ¥ +===2  doublet of rotational states belong-
E w- . E = 0.550 MeV wioo . - i
n _ing to the K= 7/2 [743] (ground state)
= L _  and K=1/2 [631] (73 eV) band fami-
— [ i
= :\Tﬁx+4‘ B lies. The findings are again com-
x — .
o f;;, :  patible with the only other such
[ -
) L data (at E,=0.7 and 3.4 MeV) cur-
R : : . . j
c L L] xm 150 . 15)
SLATIER ING ANGLE (DEGREES) rently avalli‘ble. .
* Supported in part by the U.S. De-
Fig.5. 2*°U(n,n') "composite" angular . partment of Energy. Thanks are also
distribution to combined 9/2° & §/2° due to Dr. Jacqueline Jary for the

excited atates at (2) 0.185, {b) 0.550 ke, DBruy@res CN computer program "NRLY".
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NEUTRON EMISSION FROM LEAD BOMBARDED WITH 14 MEV NEUTRONS

T. Elfruth, D. Hermsdorf, H., Kelka, J. Pdthig, D. Seeliger
K. Seidel and S, Unholzer
Technische Universit&t Dresden, Sektion Physik,
Mommsenstr., 13, Dresden, DDR-8027, GDRt
Differential neutron emission cross sections were me-
asured with a time-of-flight spectrometer which allows
accurately to take angular distributions. The data are

compared with calculations basing on direct, pre-equi-
librium and equilibrium emission models.

1. INTRODUCTION

Lead is used as neutron multiplier material in concep-
tual designs of fusion reactors. Thersfore, the differen-
tial neutron emission cross sections at 14 MeV neutron in-
cidence energy have to be determined with relatively high
accuracy. Direct and pre-equilibrium reaction components
cause anisotropic, forward-peaked angular distributions, so
that the emission spectra must be studied for a wide angué
lar range, especially in their high-energy part,

2. EXPERIMENT

The time-of-flight spectrometer had ring geometry
with flight path perpendicularly arranged to the deuteron
beam direction, so that the incidence neutron energy was
14.1...14.2 MeV for all emission angles & . The 14 Mev neu-
tron generator was operated in a pulsed regime with deute
ron pulses of 2 ns f,w.h.m., and 5 MHz repetition rate 1).
The source strength was determined by counting the of-par-
ticles.
Measurements of TOF spectra were carried out for ) from
15° to 165° in steps of 15° 1In one run, 5 or 6 of these
A were chosen symmetrically to." = 90° and the run was so
subdivided in short-time dats acquisition periods that
the 3 could be successively covered more than 10 times,
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™ T T T T T v T Y Fig.i.

3 . Measured neutron emission

spectrua_from Pb ( o ., present
data; A ,</) compared with the
ENDF/B-1V evaluation (---) and
with a theoretical interpreta-
tion {(...) as direct collecti-
ve excitations, pre-equilibri-
um and equilibrium emission of
primary neutrons g-—-) and se-
condary neutrons from (n, 2n).

L4 d.d

A
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L))
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Gpp (E)[mb/Mey]

6_

Lol

3., RESULTS
L4 : Fig. 1 shows the angle-inte-
e I grated emission spectrum. Angu-

e lar distributions are presen-

ted in Fig. 2 for three diffe-

rent emission energies E, The

experimental data are theoreti-
cally interpreted as superposition of three components:
direct excitations of vibrational modes calculated in DWBA
approach 5), pre-equilibrihn and compound-nucdeus neutron
emission calculated with the Generalized Exciton Model co-
de AMAPRE 6) and secondarily emitted neutrons of (n, 2n)
calculated with the statistical model code STAPRE 7). The
agreement of the calculated angle-integrated spectrum with
the experimental is satisfactory in the low-energy part.
In the high-energy part the neutron emission is overesti-
mated. The direct component with the averaged deformation
parameters used would alone explain the neutron emission
for E M 8 MeV. But, reducing adequately the pre-equilibri-
um emission, discrepancies appear in the middle part of
the spectrum where only the pre-equilibrium component is
able sufficiently to describe the experimental data.
The theoretically obtained angular distributions describe
the present experimental data at E = 5.5 MeV satisfactory.
At E = 3.5 MeV they deviate fordl & 30° and at E = 7.5 MeV
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the sum of the calculated direct collective excitations
and of the pre-equilibrium emission overestimates the neu-
tron emission as discussed for the angle-integrated spec-

trum,
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Angular distributions of neu-
trons emitted from Pb with the
on.rgie; E inserted. Experi;
ment ata present work;
A, 2}, x, 3‘; 0.4’: are com-
pared with the ENDF/B-IV eva-
luation (---} and with a cal-
culation (...).

The pre-equilibrium and equi-
librium component of primary
neutron emission (~—-) is at
E = 5,5 MoV practically equal
to the total emisesion (...).
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NEUTRON EMISSION CROSS SECTIONS OF Pb
AND Cu AT 14.6 MeY NEUTRON ENERGY
K. Gul, M, Anwar, S.M. Saleem and M. Ahmad

Pakistan Institute of Nuclear Science and Technology
Nilore - Islamabad
PAKISTAN

Double differential neutron emission cross sections of Pb and Cu have
been measured for 14.6 MeV incident neutron-energy at several angles in
the 3-14 MeV energy range. The energies of emitted neutrons have been
measured using the time of flight technique based on the associated
particle method. The values of nuclear temperature and level density
parameter have been derived and compared with previous measurements.

1. INTRODUCTION

Tne present paper reports some results of the neutron emission cross sections of
Cu an¢ Pb for 14.6 MeV incident neutrons. The values of nuclear temperature and level

density parameter have also been determined.
2. EXPERIMENTAL DETAILS

The measurements were carried out using the 14 MeV neutron generator facility at
Pinstechl). The energies of neutrons were measured by the time-of-flight technique based
on the associated particle method using a flight path of 2.3 m for scattering angles
beiow 90 degree and was increased to 3.3 m for those above it. The incident neutron flux
was normaiized by carrying out neutron scattering measurements on the target of 12C of

the same size and using the known values of cross sections based on the measurements

reported by Haouat et a12). The details of the data reduction have been published
. 3,4)

earlier .

3. RESULTS AND DISCUSSION

The details of the neutron emission cross sections of Cu and Pb fqr the 6-11 Mev
energy region are given in Table~l. The comparison of the present inteérated neutron
emission cross sections with previously reported values is given in Table-11. There are
two values listed in the column of present measurements for both ;he elements. The
present upper value in the Table-11 was obtained by integrating the double differential
cross sections in the 6-11 MeV energy region at each angle and then éiving a Legendre
Polynomial fit whereas the lower value is derived by adding the neutron emission cross
sections listed in the Table-l. Values of the neutron emission cross sections given by

6)

Pearlsteins) and Akkermans et al are based on calculations while the values of
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. 7
Hermsdorf et al ) have been taken from these two theoretical papers.

TABLE-1 The neutron emission cross sections of
Cu and Pb in the 6-11 MeV region

Energy Neutron emission cross sections (mb/Mev)
Interval

(Mev) Cu Pb

6-7 61 £ 3 71¢3

7-8 44 t 2 52 £ 2

8-9 32 ¢2 54 ¢+ 4

9-10 28 £ 2 524
10-11 29 22 47 2 4

TABLE-I1 Comparison of the present measurements and previously
reported values of neutron emission in the 6-11 MeV energy
range. The cross sections are given in mb.

Present Pearlsteins) Akkermans Hermsdorf{
Element measurements et 316) et‘al7)
Cu 198 = 10 186 192 131 2 7
194 ¢ 11
Pb 306 t 16 261 386 350 + 21
272 £ 17

The preliminary values of the level density parameter, a, have been obtained
through the enalysis of data taken at 90 degree using the standard slope method. These
were obtained by making a Jeast squares fit of the straight line given by

w( . %o ) _ 2alu + const. (1)

E dQdE
n

whereas the values of the nuclear temperatures were obtained through the same method

using the equation

m(1 . %o ) _1U+Const. (2)
En &KdE T

where U is the excitation energy. No pairing correction was applied. Thirty data points
lying in the 3-6 MeV emitted neutron energy range were used for the fit. The values of

“the spin cut-off parameter, g, were obtained using the equation given by Gilbert and

8)

Cameron ', The present measurements are compared with previously reported values in

Table-111. The present values of the level density parameter and spin cut-off parameters
+

of Cu give level density of 1/2 states at 8.8 MeV as 87 levels per MeV which compares

. 11
well with the derived level density value of 83 from measurements of Browne et al ).
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The present value of the level density parameter of Pb agrees with its previously
9

reported value ).

TABLE-TI1] Comparison of the present values of level density
parameter, nuclear temperature and spin cut-off
parameters with previously reported results.

Cu Pb
Reference a 1 T a a 1 T g
(Mev ") (Mev) (Mev ")  (Mev)

Present Work 6.2 1.69 3.33 10.2 1.2 5.62
Mathur

9)
et al 10) 6.7 1.26 - 10.7 1.04 -
Lu et al 6.6-6.8 - - - - -
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DISCRETE 4 RAY PRODUCTION CROSS SECTIONS IN 520r(n,x3«)
AT 14.6 MeVv

S. Hlaval¢ and P, ObloZinsky
Institute of Physics EPRC SAS, 842 28 Bratislava
CZECHOSLOVAKIA

Highly enriched sample of 52Cr was irradiated by 14.6
MeV neutrons and ray production spectre were measu-
red by the Ge(Li) spectrometer. Angular distributions
and angle-integrated production cross sections were
determined for 10 transitions in the (n,n’p} channel
as well as for 2 transitions in the (n,2n7y) channel,

As a part of our research program we observed T rays
emitted in 52Cr(n,xI) reactions, Earlier we reported on
the coincident data ), here we concentrate on discrete 7
ray production cross sections,

Measurements were performed using the multidetector
system described in detail elsewhere2 « The system employs
the associated & particle method. Part of the system used

in the present study is sketched in fig. 1. Neutrons of ener-

Stitbene

Ge(Li) Collimator

Fig. 1. Simplified drawing of the experimental arrangement,

gy 14.6(2) MeV are collimated electronically by the associa-
ted particle detector and pass through a mechanical collima-
tor. We used 119,8 g of highly enriched (99.8 %) 52Cr sample
in metalic powder form delivered by TECHSNABEXPORT, Moscow.
Its average thickness during the experiment was 0,071 at/barn.
We observed differential cross sections at 6 angles,
ranging from 42° to 156° toward the neutron beam, by a 70 cm3
Ge(Li) detector, Part of the'T ray spectrum observed with
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Fig. 2. T ray, spectrum from SZCr(n,xaﬂ reactions observed
at 90,

52¢, sample at 90° is given in fig. 2.

Absolute neutron fluence was determined from the asso-
ciated o particle counts corrected for coincident neutron
fraction as measured by the stilbene monitor.

The 7 ray spectra were analysed using the nonlinear
least squares code GWENNs). Corrections for neutron and r
ray absorption as well as voluminous sample were applied,

Observed differential cross sections for 15 discrete
transitions are given in fig. 3. Uncertainties wero ob-
tained assuming independent contribution from the Ge(Li)
absolute efficiency, peak area and the neutron fluence.

7' ray angular distribution can be described by the
expresion

d 0 Uy
dw ~ 4

]

|

(1 + a2P2(cos1ﬁ) + a,P,(cos})).

3
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\ 2
dre coefficients ay.,a, were extracted from the observed angu-

20 A
0 30

0 %0 W w0 w O
o ideg)

The angle-integrated cross sections as well as the Legen-~
lar distributions using weighted linear least squares method.
Uncertainties were obtained by normal matrix inversion., The
angle-integrated cross sections and lLegendre coefficients are
given in Tab., 1,

Tab. 1. Discrete ¥ ray production cross sections at 90°, Le-
gendre coefficients and angle-integrated production cross
sections for 520r(n.x70 at 14,6 MeV, Given in brackets are
the uncertainties,

aor )
dw (907)

Eq(keV) Reaction (mb/sr) a, a, Ozz(mb)
319,3 (n,npx 1.5(2) - - -
568.0 (n,n’p) 2.8(3) - - -
647.4 (n,n'y) 6.4(6) 0.33(14) -0.02(17) 99(5)
704,6 (n,n'p) 4.9(5) =-0.19(11) -0,11(15) 59(4)
744.2 (n,n'p) 6.6(6) 0.39(13) -0,01(18) 101(5)
749.1 (n,2n7) 5.1(5) 0.42(13) 0.26(20) 59(3)
848.2 (n,n’'y) 4,0(6 0.60(16) 0.60(20) 53(4)
835.5 (n,n"p) 24.3(2.,1) 0,31(09) 0.12(12 339(12)

1164,4 (n,2np) 5.2(9) -0.52(19)  0,13(z0 50(5)

1212,7 (n,n'y) 3.1(1.4 - - -

1246.2 (n,n’} 5.3(1.0) -0,59(17 0.10(19) 55(5)
1333,6 (n,n'y) 22,3(2,0) 0.31(09 0.04(12) 310(12)
1434.1 (n,n’y) 86.5(7.0) 0,12(08) 0.04(11) 12171(40)

1530.7 (n,n’p 6.3(8) 0.04(15) 0,74(18) 65(5)

1727.5 (n,n*p 5.,1(1.3) «=0,90(30) 0.32(28) 42(7)
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52 Only cross sections of the most prominent g rays from
Cr{n,x T) reactions were reported earlier, Using the as-
sociated o particle method, the NaI{(Tl) spectrometer and a
massive sample ($60 mm x 120 mm) of natural Cr, Abbondanno
et al.4) observed angular distribution of 1434.1, 1333.6
and 935,5 keV lines at 14.2 MeV. The shape of these distri-
butions are in accord with ours, the angle-integrated cross
sections 757(56), 239(36) and 221(31) mb, respectively, are
by about 30 % higher than our values, However, they did not
apply corrections for neutron absorption and multiple scat-
tering, which seem to be necessary for their 2,4 kg sample.
Larsons) reports cross sections of 1434,1 and 749,.1 keV
transitions in (n,n'y ) and (n.2n3~) channels, respectively,
observed at the ORELA white neutron source., He used the
Ge{Li) detector placed at 12’:‘_:0 toward the neutron beam and
a natural sample. For 1434,1 and 749.1 keV transitions we
extracted cross sections 810 and 50(12) mb, respectively,
from his fig., 9., The neutron bin width around 14 MeV neutron
energy was larger than 1 MeV, Agsain, Larson’s cross sections
for 1434,1 keV transition is lower than our value. However,
his cross section of 749,1 keV transition is in accord with
our figure. ‘
The rest of our angular distributions and cross sections
is reported for the first time. Our measurement is the only
one performed so far with the enriched 520r sample.

References
1. Oblozinsky P, and Hlava& S., in Report INDC(CSR)-6/GI,
{IAEA Vienna 1985) p., 17

2, Hlavaé S, and Oblozinsky P,, Nucl, Instr., Meth, 206, 127
(1983) -

3. Gmuca 5. and Ribansky I., Jad. Energie 28, 56 (1983)
4. Abbondanno U. et al,, J. Nucl. Energy 27, 227 (1973)

5. Larson D. C,, Proc. Int. Conf. on Nuclear Data for Ba-
sic and Applied Science, Santa Fe, May 13 - 17, 1985
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209Bi(1,n) REACTION INDUCED BY

Fe THERMAL NEUTRON CAPTURE GAMMA RAYS

CROSS SECTION OF

Yue Gang, Ye Zongyuan, Li Jingwen,
Shi Detang and Huang Shengnian
Institute of Atomic Energy

P.0.Box 275-60,Beijing,China

The production cross section of two monochromatic
groups of neutrons emitted from the Bi-209(Y,n)
reaction induced by 7645 keV Y-photons were de-
termined by means of a He-3 spectrometer.

Thermal neutron capture provides intense gamma rays in 5--10 MeV
energy range, which can be used in a variety of photo-nuclear experi-
ment. In present. work the photoneutrons from the bismuth were inves-

209

. . 3 . < < .
tigated using a . He spectrometer. The Bi(Y,n) reaction occurs with

a chance overlap between the Fe capture discrete Y-ray spectrum and
the nuclear level of 20951 at 7645 keV. As a process of deexcitation
after resonance absorption, neutron emission is possible for popula-
tion on different energy states of ZogBi nucleus. We have measured
the production cross section of two monochromatic neutron groups with
energies 130 keV and 193 keV, corresponding to the first excitation

state and ground state of ZOSBi, respectively.

1. THE Y-RAY SOURCE

The Y-beam was obtained from the capture of thermaljneutrons by
iron radiator at the swimming pool reactor of IAE. The radiator was
located in the berillium reflector ef the reactor. The capture Y-beam
was extracted through a horizontal experimental channel. In order to
reduce the neutron and low-energy Y-ray backgrounds, a series of ab-
sorbers was placed in the collimator of the beam. The details of‘the

1

Y-source facility have been published elsewhere
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2. THE He-3 SPECTROMETER

The spectrometer consists of three proportional 3He counters
combined in paraliel and the relevant electronic circuits. The energy
response and the relative efficiency of the spectrometer were cali-
brated using 21 groups of monochromatic neutrons obtained from T(p,n)
and 7Li(p,n) reactions at electrostatic accelerator. The resolution
ot the spectrometer is &4 % for thermal neutrons. The absolute effi-
ciency of the counters was determined in situ through a Na-Be photo-
neutron source whose neutron emission rate was calibrated by compa-

rison with the standard Am-Be neutron source of IAE.

3. MEASUREMENT

The sample used in the experiment was bismuth plate 20x10 cm2 in
area and 9.9 mm thick. The angle between the sample surface and the
incident beam is 45°. Three’BHe counters were located separately at a
distance of 9 cm from the centre of the Bi sample. The counters were
covered with 0.5 mm Cd and 2 mm BAC capsule to reduce the thermal
neutron background.

In order to monitor the thermal neutron fluence of the reactor a
BF3 counter was placed at the exit of another horizontal channel and
its counts were used for normalization. )

The strength of the incident Y-rays at the sample site was de-
termined by a NaI(T1l) scintillation counter whose efficiency had been

calculated precisely by Monte-Carlo method.

4. RESULT

The data obtained have been corrected for the background,the at-
tenuation of incident Y-beam in the sample, the attenuation and the
anisotropy of emitted neutrons. The attenuation factors were obtained
from Monte-~Carlo calculation.

The production cross sections are as follows:

O (130 keV)= 8.5+0.7 mb,
O (193 keV)= 13.8+1.4 mb.
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In order to check our result we have measured the cross section

of 86 keV neutron group from the 2

)7Pb(f,n) reaction induced by 7631
keV Y—photons also coming from iron capture of thermal neutrons in
the same way and compared it with other author's data. Our value is
C (86 keV)= 383449 mb, which is in good agreement with Moreh's result

(86 keV)= 370+50 mb.

1. Li Jingwen, Ye Zongyuan et al., Chin.Jour.Nucl.Phys., 6,15 (1984)
2. Moreh, R. et al., Nucl.Instr. and Meth., 155,429 (1978)
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NEUTRON ACTIVATION CROSS SECTIONS OF SCME
ISOTOPES OF MOLYBDENUM AT 14.6 MeV

M. Rahman, N.I. Molla, S. Khatun, A.K.M. Fazlul Hoque,
Rahezuddin Miah and Ayesha Akhtar Khan

Institute of Nuclear Science and Technology (INST),
Atamic Energy Research Establishment,
Savar, P.0O. Box 3787, Dhaka,
Bangladesh

The neutron activation cross sections of scame isotopes of
Molybdenum have been measured for 14.6 MeV neutrons using
high resolution y-ray spectroscopy. Results are campared
with the recent literature values, measured at 14,.6-14.8 MeV.

1. INTRODUCTION

Molybdenum being one of the potential elements for use in reactor
technology, neutron activation cross section measurements for the isoto-
pes of this element have been measured previously by many authorsl—7) .
But the reported values exhibit mutual disagreements. In this paper we
present measurements of the neutron activation cross sections for same
isotopes of Molybdenum at 14.6 MeV which is a continuationof our previ-
ous work for measuring precision nuclear data.

2. EXPERIMENTAL PROCEDURE

Cross sections were measured by the activation technique using
HPGe detector and y-ray spectroscopy. High purity Mo samples (>99.99%
purity), sealed in polythene bags and sandwitched between two layers of
flux monitoring materials, were irradiated with 14.6+0.3 MeV neutrons.
Irradiations were performed at zero degree with respect to the deuteron
beam. The beam current and size were 350 pA and 1 am. dia respectively.
The neutrons were produced via (D-T) reaction at the Neutron Generator
of INST, AFRE, Savar, Dhaka. Neutron energy and its spread were esti-
mated following Riccie) . The flux densities were (0.8-4)x108n/cn2/sec.
Cross section values were determined using known cross sections 115+3 mb
and 970+80 mb respectively for 27Al(n,a)24Na and 75As {n,2n) 74As reactions.
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‘Table 1: Details of (n,p) and (n,q) cross section measurements
at 14.6+0.3 MeV

Literature
Reaction T&, E I 1Y

(keV) (mb) values Ref.

omp e 10,150 934 0.992  65.945.8  56.54.8 1
71.845.7 2
60.5+4.5 3

0, %2r 8.4 909 0.99 27.343.7  22.5#2.1 1)

25+3 4)
20.1#1.6  5)
36+7 . 6)
2446 7)

Mom,p®m 34,970 766 0.998  34.442.8%7D) 41.143.6 1)
31.043.6 4
44.843.5  2)
3746 3)
84+10 6)

®uon,p) % 23.35h 69 0.556  14.041.6 20,8421 1)

19.2+42.1  4)
12.042.0 7)
18.1+1.4 5)

64+8 6)

Mvon,p) N 74m 658  0.982  21.3+1.7°) 1l1.5+2.4 1)
11.742.3  3)

14.641.2  4)

19.241.4  5)

Byo(n,p) b 5im 787 0.932  3.26:0.3  5.240.6 1)
A 2.640.7 3)
3.6+0.3 5)

10.041.2 7)

a) Lontribution fram 98l‘/lcv(rx,m)g":’Zt: reaction (via e.-,decay 95Zi: not subtracted,
b) Includes small contribution of h,n'p) reaction from the neighbouring
heavier mass target nucleus.
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The activity of the irradiated Mo samples were determined by HPGe
detector (2.5 keV resolution at 1332 keV y-ray). The count rates at the
end of irradiation were subjected to usual corrections for the dead time
loss, pile up loss, efficiency of the detector, gamma transition intensi-
ties (f5) and internal éon\:ersim coeffiéients (a). The sources of sys—
tematic uncertainities taken into account were sample weight(0.5%),
irradiation time(0.5%), irradiation geametry(3%), neutron absorption and
scattering in the sample(3%), background neutrons(l%), neutron flux(5%),
detector counts(1-5%), y-ray absorption in the sample(1%), detector effi-
ciency(3%) and decay data. »

3. RESULTS

The cross sections measured in the present investigations are
given in Table 1 together with the half lives (T;ﬁ) + the y-ray energies
(Ey) , absolute y-ray intensity (Iy) and‘ literature valuesl_7) . Each
value' is based on two to three measurements and the quoted error includes
statistical and systematic errors. The uncertainties in the cross
sections values have been obtained by cambining all the statistical and

systematic errors in quadrature.
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Excitation function of 9“‘Nt)(n,3He)91Y reaction near its threshold:

Comparison of JHe- and 3H—emission probabilities

S.M. Qaim and R. Wolfle

* Institut fir Chemie 1 (Nuklearchemie)
Kernforschungsanlage Jilich GmbH, D-5170 Jiilich
Federal Republic of Germany

H. Liskien

Commission of the European Communities, Joint Research Centre
Central Bureau for Nuclear Measurements, B-2440 Geel, Belgium

Cross sections for the formation of 91Y in the interactions of 17.0 to
19.2 MeV neutrons with niobium were measured radiochemically. The major
contributing process is the 93Nb(n,3He)91Y reaction. Hauser-Feshbach
calculations on the first-chance emission of an 3He-partic1e show

that the contributions of statistical processes are small. The

ratio 3He- to 3H-emission increases rapidly beyond 17.5 MeV. This

behaviour is interpreted in terms of reaction energies, level structures

of the isobars formed, and the intrinsic nature of the two processes

involved.

The complete version of this paper is going to be published in
Physical Review C.
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YIELDS AND AVERAGE CROSS SECTIONS OF RECOIL CHARGED PARTICLES

11 12 13 14 16 18
INDUCED REACTIONS ON B, c, C, N, O AND 0

A. Ait Haddou, M. Berrada
Nuclear Physics Laboratory, Faculty of Sciences,

Rabat, Morocco

G. Paié

Rudjer Bo3kovié Institute, POB 1016, 41001 Zagreb, Yugoslavia

The yield and average cross section for the reactions 11B(p,n)llC,
12c<p,v>l3w, lsC(p,n)lsN, 120(d,n)13N, 14N(p;a)11C, lﬁo(p,a)lsN,
160(d,n)17F, 16O(t,n)laF and 18O(p,n)lgF have been measured in different
compounds. The charged particles were created in the samples themselves
either by scattering of 14 MeV neutrons off hydrogen and deuterium or by

6 .
the (n,t) reaction on Li using thermal neutrons.

12 16 16 18
The yields of reaction = C(d,n); O(p,a); 0(t,n) and = 0(p,n)
have been measured using proton, deuteron and triton spectra generated
6 7
by 14 MeV neutrons in the reactions D(n,p)2n; Li(n,d); Li(n,d) and

10_ 7 10
B(n,d); Li(n,t) and = B(n,t), respectively.

The complete version is to be published in the Journal of Radio-

analytical Chemistry.
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ACTIVATION CROSS-~SECTIONS OF SOME (n,p), (n,n’p) AND
(n, a) REACTIONS INDUCED BY 14.8 MeV NEUTRONS ON
Cr and Ti ISOTOPES

Hoang Dac Luc, Phan Nhu Ngoc, Nguyen Van Do, Ly Ba Bach

Institute of Physics, Hanoi, Vietnam

14.8 MeV neutrons from a small neutron generator (120 kV,
1010 D+T n/s)_were used to irradiate samples of Cr and Ti
which were prepared from oxyde powder (enriched isotopes)
or high purity metal foils (nétural isotopic abundances).
High resolution gamma spectrometry chain was used for measu-
rement of gamma spectra. Data processing was performed by
means of the PDP-11/23 computer in connection with the ND-66B
multiéhannel analyzer. Corrections were made where necessary,
including coincidence summing effect and interference of

(n,n"p) processing into (n,p) reaction cross-section values.

Full version not received.
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EFFECT OF DEUTERIUM ION BEAM COMPOSITION ON
THE 14 MEV NEUTRON YIELD FROM Ti-T TARGETS

Hurani, S.Y,;Wanis, B.M.; Mustafa, H.T. und Nikiforov, S.A.

Tajura Nuclear Research Center, Tripoli/Libya

INTRODUCTION

Deuterium ion beam, extracted from the ion source, is
composed of a mixture of atomic and molecular ions. The
percentage of the components depend on the ion source ope-

1)

rating parameters . Hence, neutron yield from Ti-T tar-
get, bombarded by mixed deuterium ion beam, is a result of
interaction between tritium and deuterons with energies E,
1/2 E and 1/3 E.E being the full acceleration voltage.
Measured neutron yield and target half-life using mixed
and atomic beams show: 1. target half-life using atomic
beam exeeds that of mixed by an order of magnitude or

2,3,4)

more 2. Neutron yield per uC of atomic beam is

more by a factor of 2z than that of mixed beam4). 3. Neutron
yield decrement per unit dose of atomic beam is very small
(9x10 -3/mAh) as compared to that of mixed beam. 4.Target
half-lives measured by different workers using mixed beam
show considerable differences. 2K

I this work, therefore, we investigated the effect of

molecular ions on the neutron yield and target half-life.

MEASUREMENT

Description of the accelerator and target system can be
found in details somewhere else 4). Beams of atomic and
molecular deuterium ions are obtained from 150 keV accelera-
ted mixed beam by an analysing magnet. These beams are used
to irradiate Thick Ti-T targets. Neutrons from D-T reaction
are detected by a plastic scintillator, which is calibra-

ted by 63¢cy (n,2n)6‘ Cu reaction.
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Neutron yield produced by D+, D; and D; ions incident

on a Ti-T target is measured at different ion energy up to
150 kev.

The effect of molecular ions on neutron yield by mixed
beam is investigated in the following way. Yield produced

by 150 keVv D;'

of D;. D; and D; + D; at 150 keV for three separate targets.

Percentage and fractional decrement per unit dose of the
yield is calculated for each case. Simultanuously, the

is measured before and after irradiation doses

same calculation is performed for the yield by D;, D: ions.

For comparison, a target is irradiated by D; + D: + D;
doses at energy of 50 keV/D;. Yet another target is irradi-
ated by 100 kev D;. The vyield by D: is measured with doses
of 4.7,9.7 and 15.8mAh at energies 150, 125,100, 75 and 50

keV for each dose.

III RESULTS AND DISCUSSIONS

Measured neutron yield produced by D:, D: and Dg is shown

in fig. (1). T r
. +
It can be confirmed that O § °— P
the yield by mixed beam i -] D; 140
. 3 +— p* %)
is, to great extent, pro-3Z | Dy LQJ
duced by D; . ~ -~
+tm6F 30,
The effect of 150 A 3
+ + [a] - &
dev D3 and D.‘ on the z —
yield by 150KeV D si- f 4t 0
51 o
mulates their effect on A | L
the yield by mixed beanm, g &0
) Py o
since the decrease of a 3
the former is very small gl: f ;
3 1 1 2 1
(observation (.)). & 80 100 120 140

Table (1) shows the frae- Incident Energy (keV/ion)=---—-
tional and percentage '
decrement due molecular Fig 1: Neutron yield produced by

and atomic ion doses. atomic § moleculer Deuteriumions
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Table (1) shows the fractional and percentage

decrement due molecular and atomic ion doses.

Table (1)

Fractional and percentage decrement of neutron yield .

+
by 150keV D1 after irradiation doses of D;, p* and D+
L

3

Dose Energy Dose Decr. Decr.
type (keV) {mAh) /mAh 3
Dé 150 1.21 0.39 49
DJ 150 1.54 0.23 36

3.27 0.15 48
DE+D; 1504150  0.9+0.58 0.30 44
D3*D,*D] 4503100  563+41.11 0.31 69

+ 50 +545

D; 100 4.7 0.03 14

It is evident from table (2), that the yield

decrease produced by molecular ions is large(compared
to that of atomic beam.

Table (2)

» Fractional and percentage decrease of yield by molecular
and atomic ions

D E Dose Decr. Decr.
ions (Kev) /mAh /mAh %

+
D, 150 1.27  0.11 14

+ .
D, 150 3.27  0.13 42
Di 150 3.0 0.006 2
D] 100 9.7 0.03 29

Such behavior of yield by 150keV D;, and hence

that of mixed beam, is interpreted on the basis of
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deuteron range in Ti-T target. Deuterons of 150 keV DZ

R Co . :
and D3 ions create a tritium depleted region in the tar-

get where they stop at the end of their ranges and re-

+

place tretium. The incident 150CkeV D1 arrives this de-

pléted region with residual energy of about 75 and 100keV

which is responsible for high neutron yield. But replace-

ment of tritium by deuterons causes the ovserved drop in
the yield.

This behavior does not take place in case of irradia-

*tion dose of 150keV D: because the tritium depleted region

lies beyond its high yield producing region.

According to this interpretation, presence of heavy

ions in the beam does not effect on the target half life

due to its small percentage and short range.

The presence 'i T e— new tqrset

of tritium depleted — 30} ®—— after 4.7 mAh

region is proved % +—— after 9.3 mAh T

also by the yield @ | O— ajter 15.8 ""'\h »

dependence on 3 2 !

déutron enerqgy z |

shown in fig. (2) 3 1o} O”;””}”,,/"

It is clear that § L

the yield tends to o A N
~decrease with in- 5Q 100 150

creasing energy. Incident Deuterongnergy (kev/p')---

A similar, but Fig.2: Energy dependence of yield

monm pronounced versus dose.of 100 kev.

effect, was observed by Booth and Barschallz)’
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NEUTRON FLUX AND ENERGY VARIATIONS FOR A LARGE BEAM
DIAMETER AND A THICK ROTATING TARGET IN CLOSE PROXIMITY

B.M. Bahal, Ibrahim Juan, Shafiq I Hurani,
and Abdul Razac Mohabis

Tajura Nuclear Research Center, Tripoli/Libya

INTRODUCTION:

At Tajura Nuélear Research Centre a 14MeV neutron
generator NG-150 has been in operation for five years.
Mixed ions of D:, D; and D; produced in a duoplasmatron
ion source are accelerated to a voltage of 150 kV. The
analyzed DT ions hit a rotating and thick water cooled
tritium target of 40 mm diameter 1). The neutron producing .
area of the target is controlled by the beam diameter and
can be changed by focussing electrode and collimators. The
closest approach of a sample to the target is about 4 mm.
For a new target and beam current of 1.5 mA, yield is
2x1011n/s and a target half life of 40 hours. The activation
facility is equipped with high purity germanium Y-spec-
troscopy and a pneumatic rabbit system. The cylindrical
samples are transported to irradiation site where they

rotate about their axis perpendicular to target axis.

For reactions having high threshold values, cross-
section change in the energy interval between 14 to 15 MeV
may by very large. Therefore NAA or crosstsection measure-
ment, an accurate knowledge of the flux and energy is
essential. Moreover, a large flux gradient or change in
neutron energy introduces errors which may be minimized
by optimizing irradiation conditions.

CALCULATIONS

Neutron energy En and flux é of D-T neutrons depend
on instantaneous kinetics energy of D; nucleus (E), angle

‘'of neutron emission ( o ), energy loss in the target
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{dE/dX) , number of D; ions/s (K), number of tritium
nuclei per_cm3 at the reaction site (Tn) and the cross
section for D-T reaction (o~ ). ’

The diferential neutron yield in 4 from D) alone will be -

given by Z): T
£ (E) = K 0~(E) Tn (dE/dX)™" (1)
and the neutron spectrum with energy EN will be giben by

N (En, ) = f (E) x (dE/dEn) (2)
where En and dE/dEn are obtained from relativistic kine-
matic equation of D-T reaction. The neutron yield is
obtained by integrating over all values of En.

A tritium distri ution of the target is obtained by
fitting neutron yield measured experimentally for deuteron
energy range of 50-150 keV and these are used as input
parameters for further calculations. The values of dE-dX

for titanium, and hydrogen and are taken from ref. 3,4.

Por the purpose of Flux and
energy computation the target

7
effective area is divided toor x2.5x1o0
into small elements dA and
. 100
each element used as point % 10
source for computation and g0
a solid angle dnt subtended - T Yo=30mn
} g
by the element dA at a point $
p in space is considered for § 60
flux and energy contributions. 0%
2
N
g Yo
20
Fig. 1: Neutron spectrum
for a 1o mm dia.
target at axial
1 L 1
positions of 2mm and 30 mm. M9 g 4.8

Neutron Energy (MeV)--<



III RESULTS AND DISCUSSIONS

10 mm DIA TARGET
In fig (1) neutron i

energy spectrum for two

axial positions are shown. ¢

An average neutron energy

{En) and half width can ]

be calculated. It may i

be cbserved that peak % YIELD =4.5x10

neutron energy Ep is not z

necessarily same as En. 5 POSITION ON TARGET

] ] _ (L) o AXIS

Variation of En along

the target axis for - 1; 25

different diameter DISTANCE (vam) ——p

targets is shown in

fig. 2. : Fig.3: Variation of En
perpendicular to target
axis.

"The variation of En
perpendicular to the target

axis for a 10 mm dia. target

is shown in fig (3)

30 <+ TARGET
RADIUS (M)

1 i 1 1
20 Yo 60 20
DISTANCE ¢ AXIAL) IN MM —>

Fig.2: Neutron Energy Variat
along target axis for differ
size targets.
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It is seen that the flux variation is large for
small targets in close proximity. Increasing the target
diameter also reduces the flux considerably (1 mm dia.
target : 1011n/s.cm2, whereas for 30 mm it is : 1.8x109
n/s.cmz at 2 mm distance from the garget). The average
neutron energy En variation is between 14.18 to 14.72
MeV, whereas the half width of a typical neutron spectrum
is only 250 keV (Fig.17).

It can be seen that position of the sample, its
size and target radius will decide the average energy En
as seen by the sample, and hence accuracy of activation
analysis or cross-section measurement. For example it may
be seen that for 38
by 140% and 54Fe (n, Zn)53 Fe by 166% for a neutron energy

change from 14.2 to 14.7 MeV 5,6).
The other factors effecting flux or neutron spectrum

Ni (n, 2n)57Ni cross-section changes,

are scattering and attenuation of neutrons by surrounding
materials as well as the sample itself. Work is in progrees
to include the scattering and attenuation also.
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