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NEUTRON PHYSICS RESEARCH

Prompt ¥ -ray spectra from the radiative capture of
14,4 MeV neutrcns in Cu, Se, Br, In, and I

-

M. Budnar, F, Cvelbar, V. Ivkovié, A. Perdan ang if. Potokar

J. Stefan Institute and Faculty for Natural Sciénces and
Technology, University of Ljubljana, Ljubljana, Yugzosleavia

. .
o 2

_ The X’—ray Spectra and corres.:nliag integrated
cross sections due to the radiative capture of 14,1 eV
neutrons in monoisotopic In and I, and polyisotopic Cu,

Se and Br arec presented.

The experimental technique has been previously
describedl-3). o

Unfolded ¥ -ray spectra from the radiative capture
of 14,1 MeV neutrons in Cu, Se, Br, In,-and I are showi
in figs. 1-5. Corrections due to the absorption of Y’ ~rays
and the scattering of neutrons in samples were taken into
account. The error bars include the statistical fluctuation
of counts, the uncertainties due to the background correc-
tions, and the error introduced by the unfolding procedure.

Integrated cross section data presented in the
table are obtained by the integration of X“-ray spectra
over all K‘-ray energies higher than En’ the relative
energy in the C,M. system. The errors of the integrated
cross section values include besides the errors of the
spectral intensity, also the uncertainty of the speciro-
meter efficiency and the uncertainty ¢ the flux deter-
mination, |

Spectra reported here have not teen previously
measured, except the spectrum of iodine?). In tils expe-
riment the §’-ray spectrum was measured with a NaI(T1)
crystal at 90° to the neuutron beam and is therefore not
directly comparable with our spectrum which is integrated



over a solid angle of 47 . However, both data are
presented in fig.5 without any correction. The average
agreement is better than the‘eXperimental error, This
can be seen from the comparison of Dinter’s value of
lO90fl70/ub. It would therefore appear that the angulor
distribution is rather isotropic.

Integrated cross section values are precented in
table 1. Their values lie around 1 mb and agree with
the expected smooth mass dependence5).

Comparison of integrated cross zection values
with the data obtained by the activatvion technique (ﬁgct)
shows that the two cross sections agree only for Se, for
other elements the (S“aCJG are higher than Ci/in : 6Sﬁ)1ch
a behaviour was qualitatively discussed in refs”?® with
the conclusion that the two cross sections agree only

for nuclei in the vicinity of closed neutron shells.



14.1 MeV neutrons and parameters of the samples.

Cross sections for the radiative capture of

| Densi ty Integrated | | Activation
Sample | of the Diameten cross Isotopes cross section
sample (cm) section ( ub)
(g/ct) ( /ub) /
Cu 8.92 | 2.0 770%110 ®30u (69.1%) 2560 3807
| ®50u (30.9%) 6300£19002
Se 1,42 3.0 860%130 80se (20.04)
| "8se (23.6%)
T8¢ ( 9.1%)
%2se ( 8.8%) 650% 200%)
"Tse ( 7.5%)
Thge (-1.0%)
Br 3.09 | 3.0 1100%160 pr (50.6%)
8lar (49.4%) 3500% g50P)
In 7.28 | 2.0 |1200t200 Mo (95.8%) 5970% 8102
W ( 4.28)
I 3.10 3.0 1100%160 1271 (100 %) 2500% 5002)

a)Data taken from ref.7)

b)

Data taken from ref.8)
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Fig,1l.

Fig.2,

Fig.3,

Fig.4.

Fig.,5,

Figure captipns

CorrectedX‘-ray spectrum from the radiative capture
of 14.1 MeV neutrons in natural copper, containing
69% of ®3¢u and 31% or 5oy

CorrectedX”-ray sPectrum from the radiative capture
of 14.1 MeV neutrons in natural selenium, containing
mainly 8se (23,6%) and %Oge (50%)

Correctedgf-ray spectrum from the radiative capture
of 14.1 MeV neutrons in natural bromium, containing
50.6% of 9Br ang 49.4% or 8lpp,

Corrected.rﬁray Spectrum from the radiative capture
of 14.1 MeV neutrons in natural indium, containing
mainly 11914 (95,8%)

Corrected&ﬁﬁray spectrum from the radiative capture
of 14.1 MeV neutrons in 1277, o
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Mass dependence of the cross section for the
radiative capture of 14 MeV neutrons

F. Cvelbar, M., Budnar, E. Hodgson, and M. Potokar
"J. Stefan" Institute and Faculty for Natural
Sciences and Technology, University of Ljubljana,

Ljubljana, Yugoslavia

To be presented at "Nuclear Structurp Study wita
Neutrons", Budapest

There are two methods in the study of the cross
sections for the radiative capture of fast neutrons:
activation téchnique and measuremeniv: I prompt g’—ray
spectra., In contrary to the activation cross section
values (Cyact) which include all radiative transitions
into bound states, the integrals of the prompt Y‘-way
spectra (Crlnt), due to the experimental reasons, cover
only the (one step) transitions to the bound states of final
nuclei., Therefore C;éc > (s'nt’ The difference between the
two cross sections was expected to be of the order of few
tens of percent. Experimentally the(S’aCt
to be up to 20 times higher than Gflnt' As a function of
mass number the G;act data are scattered in the region

between 0,5 mb and 20 mb. The C;;nt data on the other
1)

values were found

hand show a rather smooth mass dependence
The difference between the two cross section data

is not yet well understood but it seems, that the new

pr601se measurement of Cfa . have to be preformcd before
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the theoretical study of the transitions via unbound states
which should be responsible for the real difference bntveen
the G;act and Cylnt will be done.

The aim of this contribution is i) to show tha®t also
the Cj nt vValue of Pb for which only preliminary data exist
2) anc that of Bi for which prompt " -ray spectrum was not
presented before, fit into the extrépolated band of the data
measured for lighter nuclei, and ii) %o present the new
preliminary result of ‘the measurement of x’ ray spe ctirwm and
corresponding G? nt for 88Sr. '

From Flg l one can see that Cf ; value of
Sr 1970/ub - 580/ub does not fit 1nto already mentioned
band of other experimental values. As the corresponding
spectrum was measured at about 90° relative to the neutron
‘direction 3), it was expected that this outstanding value
might be due to the anisotropy in angular distribution of
capture X’-rays We repeated the measurements with the
technlque in which the spectrum is averaged over half spihere
(2.M.geometry) The result is presented in Fig.2 together
with the original results 3). On the difference in low .
eénergy part of the spectra not much conclusion could ve done,
but the difference around the 51/2 level might be due %o the
anisotropy in angular distribution of Y =rays. This c¢xivpecta-
tion is supported also by the shape of the Calcuiated gpectrum
(integrated over 43() which reproduces our experimental data.
The details of the calculation will b= ptblished. The (5
value of the experimental spectrum presented in Figz.2 is
1260 - 260,ub
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Mass dependence of direct-semi-direct theory
calculations for the 14 eV neutron radiative
capture

-

M. Potokar, F, Cvelbar, M. Budnar and A. Likar
"J., Stefan" Institute and PFacu.3: for Natural

Sciences and Technology, University of Liubljans,

Ljubljana, Yugoslavia

To be presented at "KNuclear btructure Study with
Neutrons", Budapest

The experimental spectra of prompt 1S “:ys following
the radiative capture of 14,1 MeV neutrons in 831, 4“”3,
888r, 138Ba, and 208Pb are compared with the spectra culcu-~
lated according to three current approaches of the direct-
~semi-direct (DSD) theory and by the modified approach
developed by the author, As an example the specira of 4°Ca-
and 208Pb are presented. -

The spectra of prompt g’—rays follov1ng the radiative
capture of 14,1 MeV neutrons have been rascognized as an
effective tool for testing the DSD theory for the dynamics
of fast nucleon capture reaction. In order to examine syste-
matically how approapriate are different current formulations <
of this theory (1,2,3) the spectra of 2°si, 4°ca, 8gr, 138p4
and 208Pb are calculated. All experimental quantities which
enter into calculations (i.e. single particle energies,
spectroscopic factors, depth of the i:cspin potential Vl (4,5),
and position, width and dipole sume of the giant dipole re-
sonance) are the most recent experimental data,

It is found that the approach due to Lushnikov and
Zaretsky (LZ), while reproducing very well the specira of
light nuclei, does not explain the experimental results for
the heavier nuclei. The calculated cross sections being
typically too low by a factor of 4.

The calculation according to Clement, Lane, and Rook

(2) (CLR) give good agreement with the experiment for 2881
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and 4008, but the agreement becomes steadily worth witi
encreasing A. In the case of 208Pb there is on average a
factor of 2 between the calculated and experimental snectral
intensities.

In the case of the calculation by Zlmanyl, Halpzrn,
and Madsen (3) (ZHM), the coupling constant is vague,
because 1t depends on the number of neutrons and provo.:s
that are active in the semi-direct process. In most cases
this number is not well defined. For 4OCa and 208Pb, wiiere
it is well defined, the cross sections are too high for a
factor of 2 and 1,5, respectively.

A different coupling interaction (6), develope: by
the authors following the CLR approach but calculating the
nuclear matrix element more exactly, has been tried. ‘the
spectra calculated by this approach “rz in good agreement
with the experimental ones over the whole mass region,
| The calculated spectra for 400 and'2°8
an example on fig.l and fig.2 in comparlson with the expe-~
rimental spectra. '

Pb showrn as

—

References:
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Fig.l. Experimental spectrum of X;rays from the radiative
capture of 14,1 MeV neutrons in Calcium, compared with
spectra calculated according to CLR approach of DSD _
theory (dotted line), 2ZMH approach (dashed line), and
the modified approach by the authors (PC) (so0lid line).
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Fig.2. Experimental spectrum of ﬂr—rays from the radiative cap-

, ture of 14,1 MeV neutrons in lead compared with spectra,
calculated according to CLR approach (dotted line), ZHEM
approach (dashed line) and PC approach (solid 1ine5.
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Search for systematics in fast neutron radiative
*
capture

E. Holub, R. Caplar, P. Kuli$ié and N. Cindro
Institute “Ruder BoZkovié", Zagreb, Yugoslavia
and ~
J. Vuletin
Faculty of Electrical Engineering, Split, Yugoslavia

The existing differences in fast neutron captur: cross
sections obtained by the activation Gﬁéct) and integrstion
methods (égnt) are presently the sub; =2t of considerable in-
terest. In principle,G/int could be smaller thﬂﬂ.@;ct,
the former quantity measures only the decay to the bouud
" stetes of the final nucleus, while the latter includeg the
decays to the bound and unbound states. This difference, how-~
ever, should not be too large, since the decay to the un-

bound states leads mainly to particle emission; gamma rays

since

compete favourably with particle emission only in the narrow
region just around the binding energy. -

The present experimental evidence shows that<3;nt
follow a smooth path in the whole region from A=23 to 4=238
/1,2/ (dotted region), On the other hand, activation cross
sections vary considerably as a function of A, but alsoCF;
measured by different authors yield results differing by
more than a factor of two. :

We started a systematic survey of 14 eV (n,X’)
reactions by the activation method.

Table 1

ct

Target Gféct(mb) Target G, 4 (mb)

“3ya  0.25%0.04 OMn  1.4%0.2
2Tp1 0.33%0.1 g 2,050.3
3761 1.8 *0.2 1271 7.0%0.5
Sly 1.4 *o.2

-

% 7o be presented at “Nuclear Strucfure Study with Neutrons®
Budapest
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The obtained results (Fig.l and Tab.l) show thas G)ant are
generally larger than G)J.nt' This difference appears fo
be small near the closed neutron shells, but for Ffrom them
it may reach an order of mao*nltude.

References

1) F. Cvelbar, A, Hudoklin and M. Potokar, Nucl. Phys.
A138 (1969) 412; A158 (1970) 251

2) D. Drake, I. Bergquist and D.K. McDaniels, Phys.Lebt.
36B (1971) 557,
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Correlation measurements of neutron-induced

multiparticle reactions in nuclear emulsions
B. Antolkovié

Institute "R. BoSkovidé®, Zagreb, Yugoslavia

Nucl.Instr. and Meth. 100 (1972) 211-216

The complete measurement of three and more particle
breakups has become feasible by the use of nuclear emulsions
loaded with the element on which the reaction is to be stu-
died. In fact, such an arrangement offers an almost 477
detection geometry with a twofold advantage over the
standard two-counter experiments. The yield of the resction
is considerably increased in comparison with that obtained
~with the two-counter setup. Moreover, measurements performed
by this technique are extended to almost the whole solid
angle. Thus the condition of exploring the large momentunm

[

space, so important in the study of mulviparticle breakup
reactions, is also fulfilled.

_ A procedure of using nuclear emulsions in complete
measurements of three-body breakup reactions is described.
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Study of the 12C(n,n)3 alpha reaction in a
kinematically complete experiment

Z. Dolenec, B, Antolkovidé
Institute "Ruder Boskovidh, Zagreb, Yugoslavia

The breakup of the 12C into three alpha particles
was studied via the inelsstic 120(n,n’)12C(3d.) process
and the excited states involved are 9.6, 11.8 and 12,7 MeV.

The reaction n+120 —> n+(X +X+Xwas investigated
using nuclear emulsions. The emulsions contain a large
amount of 12C(l7 6% per atoms) and can therefore be used
simultaneously both as a target and a detector. The three
alpha prong events were measured and selected from the other
Vrthreé prong processes by the energy and momentum balance with
the aid of an off-line CAE 90-40 code.

The neutron and alpha particle snectra in the %BC
centre-of-mass system as well as the spectrum of the “He
relative energies were analyzed in crder to define the
contributions of different sequentis. pirocesses:

12

1. n+1%0 — 04120l )Bre(2 )
2, nttle— A+ Be(n)8Be(2X)

9Be( K ) He(n, )
C —> Be(2X)+5He(n A)

It was found that the C(n,O()9Be(n)2;X reaction
contributes only in the intermediate 2,43 MeV state of 9Beo
The presence of this reaction menifests as a distinct peak
on the continuum of the three alpha energies generated in
- process 1. The intensity of the sequential process via
9Be is 9.8%, but due to the kinematical conditions it co-
incides only with the events of process 1 involving 120

3. n+12
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excitations higher than 11.5 MeV. Ia tris region of 12
excitations, therefore, the mixing of processes 1 and 2
becomes considerable and one has to be cautious in the
interpretation of the respective 120-30( data. Fortunately,
the 9382.43(n)8Be(2uf),sequence involves only the formation
of “Be in its ground state, which is not of primary interest
in this study. |

No evidence was found for the process proceeding
via °He in the ground state. |

The three alpha correlation spectra for 120 resonances
at 9.6, 11.83 and 12,71 MeV are presented in triangular
Dalitz diagrams. Only those data were analyzed for which
the 12C excitation falls between the narrow strip of *¥0.3 lev
around the resonance. |

- The three alpha breakup of the 120 nucleus in the
9.63 MeV excited state (I’ = 37) is shown in fig.1. The
density distribution of the data is typical of a sequential:
decay through the 8Beg.s. with the strong intensity peaks near
the maximum energies of the three alphas. There is no trace
of evidence for the simultaneous brestup to be present.

The data on the three alpha breaiup of the 11.83 eV
state of the 12C nucleus are presented in fig.2. The scheme
of the loci of relative energles corresponding to the ground
and first excited state of 8Be is also given. The main
features of the reaction resulting from the Dalitz diagram
are as follows: 1) high density of events along the line
corresponding to the transition via the ground state of 8Be;
2) clustering of experimental points along the lines cor-
responding to the transition to the first excited state of

e, although the points are more scattered due to the large
width of the 2.9 MeV SBe state; 3) very weak intensity at
the intersections of the two bands of the same relative
energies (2.9 MeV of 8Be).
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The spin and parity of the 11.83 MeV siate werec not
established with certainty(l)..The teirtative spin - perity
assignment is 27, but 17 was not ruled out. The present
results show that a large part (25%) of the l2(}(11.83 ieV) -
3 alpha decay proceeds via the 8g s (o%). Hence, due
to spin and parity conservation lawé,.the 1 3831gnmedt
for the 11.83 MeV state is the only possible one.

Figure 3 shows the Dalitz plot of the breakup of the
12.71 MeV (I)L 1) 12 excited state into 3 alpha. The spin
and parity con81deratlons exclude the transition to the 8Be
ground state., The population of points along the lines cor=-
responding to the ground state transition is due to the
contribution of the lzC(n,M.)gBe(n)8B3(20<) chain. In this
diagram the intersections of the lines corresponding to the
2,9 eV relative energies of 8Be come close together around
the centre. As expected, the experlmental points cluster in
the centre.

Reference

1) F. Ajzenberg-Selove, T. Lauritsen, Nucl.Phys. All4
(1968) 1.
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Fugure caption

Fig. 1. Dalitz diagram- of the three alpha breakup~of the
126 pucleus in the 9,63 lieV state. The loci of
relative energies corresponding to the ground
state of 8Be are given in the lower scheme.

Fig. 2, Dalitz diagram of the three alpha breakup of. the
126 nucleus in the 11.83 MeV state. The loci of
relative energies corresponding to the ground and
first excited state of 8Be are given in the lower
scheme.

Pig. 3. Dalitz diagram of the three alpha breakup of the
120 nucleus in the 12.71 MeV state. The loci of
relative energies correspdnding to the ground and
first excited state of CBe are given in the lower
scheme,
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Isomeric cross section ratios for (n,p) reactions
induced by 14.6 MeV neutrons in Te isotopes

S. Lulié and M., Diksié _
Institute "Ruder Bofkovié", Zagreb, Yugoslavia

Although the isomerism in isotopes of tellurium is
well established, the available data on the yield ratio for
the isomeric pair formation of tellurium isotopes are scarce
for 14-15 MeV neutrons. In this work we have measured the
(n,p) cross sections for the metast:=ile and ground states
of all unstable tellurium isotopes.

Irradiations were performed at 14.6%0.2 MeV with
neutrons obtained from the 2H+3H reaction using 200 keV
Cockcroft-Walton generator of the Institute “"Ruder Boskovigé".
The neutron flux was about 2x109n/sec, and the total neutron
yield was monitored by the associated[x\—particles. Gamna-ray
spectrs were measured using 25 cm3 Ge(Li) detector coupled to
the 400-channel analyser.

In Table 1 the experimental and theoretical results
isomeric ratios for (n,p) reactions are shown. Calculations
of the isomeric rétio were performed for several values of
(Y = 1,2,3,4,5) and for several values of the cut-off para-
meter G (G = 3,4,7) included in the known formula for spin-

—-dependent level density(l).

Reference

1) C. Bloch, Phys.Rev. 93 (1954) 1094.
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FAST NEUTRON DOSIMETRY

An effort has been recently mzde on developing
methods of fast neutron dosimetry. The following two
contributions are representative of the work done so far.

New chemical systems for low-level fast
neutron dosimetry

B.L. Gupta*, I. Dvornik, U. Zec
Institute "Ruder Bodkovié", Zagreb, Yugoslavisa

The response of two dosimetric systems, (1) 0.20 mM
ferrous sulphate, 5.0 mM benzoic acid and 0.20 mM xylenol
orange in 0.05N sulphuric acid, and (2) 2,2,4-trimethyl-
pentane + 10% (by volume) ethanol + 10% chlorobenzene +
2 x lO-GM K-thymolsulphonphthalein + upto 0.1% water +
HCl, to 14.7 MeV neutrons was studied. The average neutron
flux in the irradiation cell was measured by filling the
cell with magnesium acetate solution. The neutron flux
incident on the surface of the cell was measured by
aluminium activation. Efforts have :sen made to use the
best available cross section data z:d to achieve the
highest possible experimental accuracy. The G-values and
other details for the use of these systems in fast neutron
' dosimetry are given.
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Neutron dosimetfy experiments using a tissue
equivalent broportional counter

D. Srdo& and B. Breyew
Institute "Ruder Bogkovié®, Zagreb, Yugoslfavis

Presented at Internstional Symposium on
Neutron Dosimetry in Biology anad Medicine;
Neuherberg/liinich

An experimental method for measurement of dose
equivalent in mixed radiation field is presented. ihe
method is based on the measurement of energy deposition
in a very small tissue-equivalent volume. The experi-
mental arrangement consists of a small, sealed off,
tissue-equivalent counter and the associated electronics.__

A thin wall polyethylene plastic sphere 30 cm in
diameter is filled with tissue equivalent liquid. The
shape and the diameter of the tissue- —equivalent phantom
are chosen according to the ICRU Report 19. The tissue—
equivalent proportional counter is located within the
bPlastic phantom and can be easily pcsitioned at any
place within the sphere. The pulse . .Z.at specira obteined
from the proportional counter were Lrocessed by a stan-
dard electronic analyzing system. The pulse height distri-
butions thus obtained contain valuable information on
the dose per event distribution which is used for eva-
luation of quality factor of the radiation in question,




