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‘The elastic and inelastic scattering of polarized protons from ®Zr, ®Zr, and “Mo has been studied at
20.3 MeV. Asymmetries for the first 2* states in ®Zr and %Mo are very similar; the #Zr 2* asymmetry is

quite different from these,
the #Zr-#Mo 3~ data more closely.

especially at large angles. The asymmetry for the first 3~ state in #Zr resembles
Microscopic-model calculations for the 2* states with and without

mmpohnaunn contributions give poor fits to the asymmetry data, though cross sections are well fitted.
Macroscopic-model calculations with the full Thomas form of the deformed spin-orbit potential give a
better fit to the 2+ data and quite closely predict the 3~ asymmetries.

L INTRODUCTION

ECENT to i ies in the

inelastic scattermg of polarized protons have
been only pumally successful.’? The predictions of
the di: -wave Born-app ion (DWBA) or
led-ch hods were bly accurate
for 2+ and 3 states in *¥Fe and the nickel lsuwpw
at energies between 18.6 and 40 MeV. A macroscopic
description was used; the good results were obtained
only by including real, imaginary, and spin-orbit
terms in the form factors. This model was unable,
however, to reproduce the large asymmetries observed
after excitation of the first 2* state in *Cr and ®Fe
which have 28 neutrons. (The differences between
*Fe and *Fe have recently been verified at 19.6 MeV.4)
The fact r.hat neighboring nuclei exhibited such Iuge

ries that a micro-
scupac analysls was necessary. However, on the as-
of simple s for Lhe states in-

volved the microscopic form factors clusely resembled
the res.l central part of the macroscopic form factors;
neither the cross sections nor the asymmetries were
well fitted.

Some of the problems in the microscopic analysis
may have arisen from the neglect of collective cor-

1 Work supported in part by the U. S. Atomic Energy Com-
ion.

*NATO Fellow. Permanent address: Institut des Sciences
ucléaires, Grenoble, Fxlnce
1 Present address: Laboratoric de Physique Atomique et
Muleculmre Cnllege de l-‘mwe Paris, France.
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relations in the wave functions. Love and Satchler®
have recently shown that core pnlarimtinn (CP) can
account for a Iarg! part of the cross section to states
which are ly simple In
their phenomenological model, a macroscopic-type
form factor is added to the direct (D) microscopic
form factor; its strength is propomom.l to the effec-
tive charge d ined from ic decay
rates. The model has been successfully applied in the
analysis of differential cross sections for the excita-
tion of 2+ and 4* states in ®Zr and ®Zr at several
energies, but it has not yet been used in the analysis
of asymmetry data. Since the CP l.mplltude contains
both imaginary and spin-orbit terms and is coherent
with the D amplitude, it could produce large changes
in the predicted ‘asymmetries.

The 2* state in ®Zr at 2.18 MeV is excited pre-
dominantly by a proton transition of the t
(1gs2)0"~(1gspa)+*%, since the neutron shell is closed.

The first 2+ state in Mo at 1.51 MeV is also expec-
ted to be simply described in terms of 1gs protons.
However, the 2+ state in ®Zr is chiefly a (2dgs)?
neutron configuration. The 3~ state in each nucleus
is strongly collective.

‘The macroscopic model would predict similar shapes
for the differential cross sections and asymmetries
for the 2+ states and for the 3~ states in all these
nuclei. On the other hand, in the microscopic model
without core polarization, variations between #Zr and
©Zr-*Mo could arise from differences in the p-p and
p-n effective interactions, and from differences in the
form factors for transitions of 2ds» and 1gy nucleons.
‘When core polarization is included these effects are
decreased, since both proton and neutron core ex-
citations of similar types are likely to occur in all

“W. G. Lover and G. R. Satchler, Nucl. Phys. Al01, 424
(1967).
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and backward angles; these have been noted also at
12.7 MeV.*® Since the 4~ state in ™Zr is almost de-
generate with the 3~ state, it might account for some
of the large angle differences although it is unlikely
to be significant at small angles. The fact that the
3~ data for "Mo and ®Zr are very similar also in-
dicates that the contribution of the 4~ state in %Zr
is not important.

IV. ANALYSIS
A. Optical-Model Parameters

The optical-model were d ined from
an analysis of the elastic cross-section and polarization
data taken concurrently with the inelastic data de-
scribed above. The search code MERCY, a modified
version of SEEK,” was used. The definition of the
optical potential and the search procedures employed
are standard.! Errors on the cross sections were uni-
formly set at =4=10%; the errors on the polarization
were statistical unless these were very small. Cor-
rections arising from the finite angular acceptance of
the detectors were not included.

Good fits to the 18.6-MeV elastic scattering data
for nuclei with A~60 have been obtained by adopt-
ing several sets of fixed geometrical parameters for
the central potential. The parameters of Perey (r,=
71=125 F, 6,=0.65 F, ¢xa=ar=047 F) and those of
Satchler (r,=1.24F, r;=1.28 F, 4,=0.65F, a;=0.50 F,
a="0.42 F) were about equally successful, although the
latter gave better fits to the inelastic data. The spin-
orbit radius 7., found with both sets was generally
about 10%, less than the real radius 7,.

‘These parameters were tried for the present data,
but only the second set gave reasonable agreement.
‘The average value of r., was again about 10%, less
than r,; the values of x*/N ranged from 5 to 7. Very
good fits were finally obtained by searching on all
parameters at once, starting from the best “Perey”’
and the best “Satchler” sets and several others. All
initial values gave the same final results; these are
listed in Figs. 6 and 7. Note that the best-fit param-
eters for the three nuclei are quite similar, The largest
variations are observed in the value of ry, but the
average value is again smaller than 7, by almost 15%,.
The improvement in the fit with the best-fit param-
eters is due chiefly to the increase in ar. This was
found to be true also in the analysis of 18.8-MeV
cross-section results by Gray ef al.*

Attempts were made to improve these fits by in-
troducing some volume absorption, and also by in-
cluding an imaginary spin-orbit term. As expected,

7M. A, Melkanoff, J. Raynal, and T. Sawada, University of
California at Los Angeles Report No. UCLA 66-10, 1966 (un-

published)

‘yi emay, R. de Swiniarski, and C. Glashausser,
Nucl, Phyl 04, 513 (1967); P. Kassanyi-Demay and R. dé
Swiniarski, 7bid. A108, 577 (1968).
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¥ie. 7. Eluubsclllenng asymmetries and ical-model “pre-
dictions with the parameters of Table I

an increase in volume absorption reduced the surface
absorption by an equivalent amount, but the quality
of the fit rapidly deteriorated. On the other hand,
fits almost as good as those of Figs. 6 and 7 could be
obtained with an imaginary spin-orbit term of —1-
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ELASTIC SCATTEY Ty Be and MHi

o WLSLES AND LsCUSSIONS

A "Decile, #1lep?Be
The elastic sealie

apeles 0 - 93 2,137

Caf e by Ml Bws Leen mewsued at four

auel 1457 in ~teps of 20 KeV i the bumbarding

'E]’J;\;STIC SCATTERING OF *He BY °*Be AND 38i° . . T vm?ﬁy range K = 126 2010 MeV, Fig, 3.5110\\'5 o plot of the
) . ' vy ) ' ' : X . S . ) e iy
. 1. BONDOUK*", Z. A. SALEIL, F MACHALIL and D, A, TVARWISH
‘ o185 | :

Atomic Energy  Establishment, Caire, Egypt, AR.E.

O'p a mesaré des scelions efficaces dilférenticlles de diffusion élastique du *Fle
sur *Be et ™50, dans Uintervalle d'énergies ineidenites de 1,20 Me¥V 2,50 AV,

pour gualre angles de -diffusion. -

Dans le cas de la réaction *Be(*Te, 2He)*Be les sections efficaces ent une allure

lisse et ne montréent aucun comporternent de résonance. . P
Les distributi Tad é ¢ ;. is a Fly. :3. — The ratio of the
&5 distribetions angulaires, ont été mesurées pour des azngles compris entre " experimuntal difforential cross-

60° et 150° (systéme du laberatoire) avec un pas de 200 KeV, entre 1,6-+2,4 MeV. seetion of the "Re{7He, ‘He) Be

reastion to the Rutherford

Les données ont £1¢é analysées 4 Iaide du modéie opligue. Un bonlit a é1é ob- . N

ferm tilisant tentiel d'absorpti de surface crass-section at four ceaters of
en utilisant un potentiel d'abserption us a0e, A imass angles ns a lunction of

1.es seclions efficaces de la réaction 285i(3He, IHe)™Si suivent le comporiement the energy.

¢es seclions efficaces Rutherford dans tout le domaine des énergies incidentes.

Ditferential cross-sections for the elastic scatteringof 3He from?®Be and #*3i havebeen
meastred in the Fyeld = 1.20--2.50 MeV reglon at four scatlering angles. The *Be
(*He, 3He)*Be cruss-sections arc smooth over the entire energy range and show no
clear resonance behaviour. Angular distribulions from 60° to 130° (Lab) Wers .
casured in 200 KeV steps Irom 1.60 Lo 2.0 McV and optical mode] analysis of : \

these data were made. Good fits were oblained with a surface absorption po- i " 28 24 2% e
tential. The 228i(3He, 2He) 2685 eross-sections follow the Rutherford ernss-sections £,’JnJ flab ) in eV

in the entire CRCCLY range.

Gazp! Trun Titbio Dutween the measured cross-section &, and the Rut'herfurd
cross-section s a functivn of e energy. The excitation funections are
smooth over the entire encrgy range and show 1o elear resonance heha-
viour. The absence of any resonance behavioar in the eress-section moy

1. INYRRODE CTION

In recent vears many *He elastic scattering experiments and ana- ’ : 1 i ey of {he (i d
i v Fe ; 3 ¢ o excitation encrey ol the T compoun
Iyses in terms of the optical model have heen carried out [1]. Linwes v s tﬁp‘%d;‘l'l;: sl.bl;yoxi:lg)ga%et‘.l’l lituttl‘n- cneryy rilige :gn;id(:rr_-rlﬁ\t this exei-
for light nuclei (A< 18] few such studies have been published (2] (6] ;‘;‘t“m';"energy any fsolated resaumiics bebaviour is improbable.

The systematic study of the uptical potential for 3He is important not only Aungulor distributions lavs bren megsred Tor five energies from

as a deseription of the elastic proeess itself, but also for the need of aecu- L60 10 5.40 Me¥ in steps uf 200 KuV For Iah. anples from 60° to 150°,

The monitor was placed at 150° to the beam d ‘tion and was used to
normalize the intensity of the seatteved SHe ab svory angle.

The optimum parameters obtained from the four parameter searches
over Uy, Wy, ap and a; wsing surluce absorplicn witheut spin-orbit
eoupling are Hsted in Table 1 with the y-values and oy, the ealeulated

* Reccived Janoury 15, 1974
i [A E A. felnwship at the Institute of Atomie Physics — Bucharest — Homania

REV, ROUM,, PEY3., TOME 19, NO &, P, 52—¢00, BUCARERT, 1974
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.EI;:XSTIC SCATTERING OF *He BY °*Be AND *8i ]
BY ‘ ' '

‘ 1. BONDOUK ™, Z. A, SALEIN, F. MACIALL and D. A, DARWISH
Atomic Energy  Establishment, Caire, Egypt, ARFE.

0'_n 2 tesuré des scelions cfficaces différentielles de diffusion élastique du *Fie
sur *Be et *Si, dans Uintervalle d'émrgms mcidenus de 1,20 Me¥ 2,50 MV,
pour qlmtrr. angles de -diffusien.

Dans le cas de la réaction Be(I7e, 3}10;91'39 les sections efficaces ont une allure
lisse et ne montréent auncun comporiement de résonance.

Les distributions angulaires, ont ¢té mesurées pour des ungles compris entre
607 et 130° (systénte du laboratoire} avec un pas de 200 KeV, entre 1,621 MeV.
Les dennées ont £1é analysées A Vaide du medéle optigue. Un bon fit a été-vb-
tenn en utilisan’ un potentiel d'absorption de surface.

Les sections efficaces de la réaction *5i{?He, *He)™Si suivent le comportement
des sections efficaces Rutherford daps tout le demaine des énergies incidenles.

Ditferential eross- scctmnsfnrthe elastic scatteringol 3He from®Be and 2Si have been
measured in the Fyed = 1.20--2.50 MeV region at four scaltering angles. The *Be
(*He, *iePBe cruss-sections are smogth overtheentire energy range and shew oo
clear resonance behaviour. Angular distribulions frum 60% to 130" (Lab) Were
megsured in 200 KeV steps frem 1.60 to 2,40 MeV and optical model analysis of
ihese data were made. Good {its were obiained willi a surface absorption po-
tential. The 28i(*He, 3He) 2280 eross-sections folfow the Ruthesford cross-sections
in the entire EMCTOY range.

L INFRODULTION

for light nuzclei (A </ 16) few such studies have been published |27 [6].
The systematic study of the optieal potential for 3He is important not only

* Received Januwury 13, 1974

REYV, ROUM,, PHYS,, TOML 13, NO 6, P, 53—-840, BUCAREST, 1074

In recent vears many *He elpstic seattering experiments and anw-
Iyses in terms of the optical model have heen carried out (1] Howevoer

as a description of the elastic process itself, but also for the need of aceu-

e ].AEAA fellowship at the Institute of Atomie Physies — Bueharest — Romania

I. BONDOUK and co-workers

reaction cross-sections. In general, the best fits at all encrgies were obtained
with this sct. For example, at 1.30 MeV, the 2 values wire :

(i) 76.2 for volunwe absorption withont spin-orbit eovpling,

(i) 6.966 for surface absorption without spin-orbit coupling.

E w2 4. — Awmgular  distributions  for

[ N S S R | 'Buﬁ]u I LeBe reuction plotted as the .
'—.-Q-W £y ratio of 1he experinvntel dilferential
‘\?]3, 234 i crosesection to the Hutlierfopd eross-

section. "The sulid curves give the opticat
model fits with tlie parawweters given In
Table 1

L 1]
/A A %4
. " 8,5 (Prgrees)

RS The variation of 7, vy and ry did not improve the fits- and no
better fits were obtained by the inelusion of spin orbit interaction.

The calenlated elastie scatiering cross-sections neing surfaee absorp-
tion without spin-orbit coupling are compared with the experimental
data in Fig. 4. It is seen that a good agreement is obtained.

Table 1

Eg (MeV) l 1.60 { 1.80 ‘ © 2.0 . | 2.10 i -
- 1

Up(MeV) Y o, . [ 1500 .| 13753 | ' 167.976 i 150.630

Wp(MeY) hise | e 6o : viee 1 14.60

ap(im) i o.m.m'l 53008 | 2.5950 I e 06223,

ay{tm) ' 0.7420 ; 05709 | 0.005K. D0 ‘[5 oger T -

aplibsty | i82.89 | 319.00 30782 1 28t 333.80
e heaw |0 oasw |- s L g | mew i

B B8i(7TIe, 31T f55i

The yield of clustically scattered ?Le frun ~“‘sl was measured at
the 1wo scattering augles 6 a6” and 0, -- 125° for the e vne]o‘y
- range 1.402.30 MeV, Excitation funetions Uhtalucd e shown in Fig. 5
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ELASTIC SUATT I

The eross-section is seen to fullow the Rutherfowd value up to an energy
of 2.50 MeV. This behaviour is attributed to the high coulowmb barrier
[~ 7.0 MeV | in this case. - - . L

500

"ELASTIC SCATTERING OF *He BY "Be AND #*8i”
. BY ' ‘ ' N -

1. BONDOUK ", Z. A. SALEI, F. MACHALT and 1. A. DARWISH

Alomie Energy [stablisiment, Cairo, FEgypt, ARE.

On a mesurd des sections efficaces différectielles de dittusion elastique du *Hic
sur *Te et ®8Si, dans Uintervaile ¢énergies incidentes de 1,20 MY 42,50 MoV
pour quatre angles de diffusion. :

Dans le cas de 12 réaction 9Be( e, 3He ) Re les sections efficaces ont une allure

I (o) mefer

lsse et ne mentreat ageun comportement de résopance,

Les distributions angulaires, ent ¢t¢ mesurées pour des angles compris entre
HU® et 130° {systéme du labarateire) avec un pas de 200 KeV, entre 1, 4 MeV, T
Les dognées onk €1€ analysées & V'aide du modile eptique. Un bon it a &té-ob-

tent en utilisant wn potentiel d'abserption de surlace. . B 3000
les sections elficaces de la réaction Si(°He, 3He ™51 suivent le compuortement .
des sections elficaces Rutherford dans tout le domaline des énergies incidentes.

i

2008

Diterential cross-sections for the elastic scatteringof *He [rom®Be and *5i havebeen

measured in the Epa3 = 1.203-2.50 Me¥ region at four scatlering ungles. The *Be

{"He, SHe)Be cross-sections are sincoth overtheentire encrey range and show no . 1800

elear resonance behaviour. Angular distribulions from €0° to 130° (Lab) Were

tmeusured in 200 KeV steps fram 1.60 Lo 2,40 MeV and optical model aralysis of

these data were made, Good lits were obtained wilh a surface absorption po-

tentigl. The MSi(3He, 3He) 28 cross-sections foliew the Rutherford eross-sections, .

in the entire enerEy range, f ' Eh’e? tiak) MeV
h

Fig. 5. — Diffvrential cross-scetions for 27 8i(*He, "He i reaclinn
L INFRODUCTION as 4 function incident MIe cneriy at Lwo centers of mass angles.
The :olid lines represent the Rutherford cross-sections.

In receut vewrs muny *He elastic seattering expetiments and ana-
Iyses in terms of the npticul model have been carvied out 1], However 5 CONCLUSIONS
for light nuclei (4 =216) few such studies have been published [2]-—-[6] )

The systematic study ol the sptical potential for *He is important not only
as a descriptinn of the elastic process itself, but alse for the need of aceu-

The present analysis of the °Be (*Lle, 3Er) De shows the adequaey
of the optical model in deseribing the elastic scaltering of *lle by light
nuclei at low encrgies. Good fits were abiained with surfaece absorption.
The inclusion of the spin-orbit interaction (il not essent inlly tnprove the
fits. Parameters found in the prosant analysis are physically reasonable.
DWBA caleulations of low energy reactions involving 3He particles and
*Be based on these optieal model parameters are in progress,

" Jeceived

*CTAZA fet

wory 15, 1974

wship at the [nstitule of Atomic Physics — Bucharest — Reomania

REV. ROUM., PHII, TOME 19, No &, P, 53-800, BUCARESD, 1974
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Excitation Functions of Deuteron Induced
Nuclear Reactions On Natural Tellurium
and Enriched "’Te:
Production of "I via the
2Te(d,n)' *I-Process

J. K. ZAIDI*, $. M. QAIM and G. STOCKLIN

Instiwt Tur Chemie 1 (Nuklearchemich, Kernforschungsanlage Jalich Gmbt., D-517 Idlich, FRG

i Reeeived 26 October 1982, in revived form LT Jannare 983}

Excilanon funclions were measured by the stacked foil technique for {d.xn) reactions on natural tellusium
up w Ej= 14 MeV as well us for (d,xn) and some other reacuons on 96.45°, enriched Tz up to

£, =} Mc¥. Thick turget yiclds were calculated for the formation of 'l "L und 71
energy runpe for the production of '™ via the FTeidn)''l reaction 15 £,= 14 »

The wptinium
MeV. and the

theoretical thick target yield 1.7 mC1ig Ah. The practcal yield for ¢ compact cyclotron with an on-target
energy of 127 MeV is anly 0 5 mCizu Ah. Using & high-current tacget sysiem and separaton of cadiciodine
w14 dry disullation. barch vields of 60 mCi '*'{ are obuuned. The leved of “limpurity a1 EQB is (.08,

Hewever, about 150¢
L vz 4 Tep2n)

”“I 15 alsa Tormed. A companson of the three direct methods of production of
el wnd TTeddnl'" ceactions, iv given. The (dan} reaction is mast

Suitable as far as 1he *“Limpurity level is concerned. The significantly higher vields of the {p.2n3 process.
huowever. may sl justity the use of that reaction for large scale produstion of 1

Intreduction

Due te its suitable physical properties "1 is consid-
ered to be one of the best radicnuclides for i-rro
diagnostic nuclear medical studies using conventional
ecameras or single photon emission computed lo-
mography. For its production about 25 nuclear pro-
cesses have been suggested (for reviews ¢f. Refs | 3).
All those processes. however, can be grouped under
two general headings

{i) indirect methods. i.e. those which make use ol
the

ter

“xe =X, T precursor system.

{i) direct methods

The "**Xe¢-'""L precursor method demands the use of
medium to high energy machines and gives rise lo
high-purity 'L, the mujor impurity being 60d "I
0.2-0.8" ). For routine and large scale produchon
of "' the "I(p.SuytNe, "TId6n)'PXe and
Cs,La(p.spall)''Xe processes are generally used

*IALA Fellow, on leave [rora Pakistan Instiute of
Nucleur Saence and Technology. Rawalpindi. Pukistan

1428

The direct methods of production of '] require
low 10 medium energy cyclotrons and in general
consist of proton and deuteron induced nuclear reac-
tions on enriched telltrium isotopes. Out of the three
mujor reactions, namely "“Te(p.2n)"*L, "*'Te(p.n}'~1
and ““Te(d.m)' L the {p.2n) reaction has been most
exlensively investigated. It is a high-yield reaction but
the level of the “*l-mpurily precludes its wide-spread
use For production purposes. The other two reactions
have not been investigated in detail.

The '“Te(d.n)'"1 reaction appearcd promising o
us. A few reporls on the use of this reaction exist.* "
However, no detailed study, especially on cross sec-
tion measuréments, has been reported

Excitation Functions

Excitauon functions were measured by the con-
ventienal stacked foil lechnique. Since tellurium foils
are not un plating
method was developed o obuun thin tellurium
samples. The effect of various parameters, such as
concentration, current densily e, were studied and
the following conditions found 1o he most suitable:
.0 M Te solution in 20M HCL current density
1.5 mA:em®. clectroplating time 2-3 h. Titanium foils

[ production via the "#Te(d,n)'*.process 1427

—

Effechve tross section (mb)

Inuident deuteron energy (Mav)
Fig. | Exctation funclons Jor the tormation of '
1S and i the interactions of deutcrons with
nutueal tellurium

CV 28 and 1he medium ¢nergy machime JULIC. The
transition from the low enerpy data (CV 28) 1o
medium energy data (JULIC) 1s excellent. The mag-
nitudes and shapes of the three exciiation functions
reported hers are similar to those for the (d.xn)
reactions en '’ fef. Rel 13). The threshold of the
(d.3n) resction is rather high so that use ol a deuteron
heam from 4 vompact cyclotron would nat give nise
to 'L Some contamination from T 05 to ke ox-
pected. However. since its hall-life is only 3.6 min ils
contribution afier hall an hour s negligible. The
optimum energy range for the production of 71 via
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Fig. 3. Bxcitation functions foc the formation of T and

Te an the ineractions of deuterons with 86.45", enriched

*Te. The contrhuung processes are (dp2n). (d.dn) and
il

the '#Te(d.n)¥'l reaction a1 a compact cyvelotron is
14. -8 MeV.

Excitation Tunctions for the formation of some
radioisotopes of tellurium and antimony. in the nker-
actions of deuterons with enriched '#Te, were also
measured. The cross section data for the formation of
T and " Te are shown i Fig. 3. “"7Te decays
independently to '¥'Sh and contribules -2 0.03", 1o the
formation of *"Te. The curves are rather complex
and include contributions from (d.p2n), (d.dn) and
{d.l) processes,

Figure 4 shows the excilation Tunctions of
‘}‘Te(d Py Te and ‘“HTe(d.x ¥ ¥Sh reactions. In the
latter case only the longer-lived isomeric state of ™Sb
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Fig. ) Ewitauon tunchons of {d.xn) reactions on 96,454, enriched '*Te.
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Not to be by ot Alm without writtea from ths publisher

1 AE-E iques. The experimental details are described elsewhere ).
The iarget was a 15 mg/em” thick >"Al foil. The energy resolution was typically
250 keV FWHM.

Only the 145 MeV x-scattering data are discussed here. However, results from
experiments al several other incident energies between 106.0and 172.5 MeV [ref. 2j]
are consistent with these data. A compact group of levels was always observed at an
excitation energy between 4 and 14 MeV.

To display this group more clearly, the energy spectrum of 145 MeV a-particles
scatiered on *Al at 7° (lab) is shown in more detail in fig. 2. Even though at excitation
energies of more than § MeV the level density is known to be high*), a selective
populaticn occurs in the a-scattering experiment. Furthermere, it should be stressed

OCTUPOLE-STRENGTH CONCENTRATION
OBSERVED IN «-SCATTERING ON *"Al

C. MAYER-BORICKE. W. OELERT. A. KIS, M. ROGGE, P. TUREK and S. WIKTOR
Institut filr Kernphysik der KFA Jilich, DII70 Jiich, W. Germany

Reotived | July 1977

Abmtract: Anguler distributions Far inclastic x-scaitering on *”Al were measured at E, = [45.0 MeV,
The dats were analyzed for excitation energics Ieas than [4 MeV. A strong group of levels with
maimum intensity around 7.2 MeV excitation energy having a bell-shape like envelope with a
FWHM of about 4 MeV wan obsteved. The group shows atrong octupole strength as deduced by
comparison of the cxperimental results to DWBA caloulations.

Al le.a)
Eg =145 MeV

NUCLEAR REACTIONS 2'Alg, o), E = 145 MeV, measured o(£, ). 27Al deduced

E strong E3 (and E2) strength arcund E, = 8.5 MeV. DWBA calculations.

1. Intreduction

Mass 4 = 25 nuclei have predominantly prolate deformation, whereas 288i,
on the other hand, has properties which can be ascribed to an oblate deformation.
The nucleus *?Al is in the transition region. Some controversy has arisen concerning
how to describe this nucléus and its low-lying levels !). Weak coupling, strong
coupling, and rotational-vibrational interaction approaches have been cmployed.
Up to now, a great deal of ¢xperimental information on 27Al has been available for
low-lying levels and for the isoscalar giant quadrupole resonance (GQR)2). In this
paper. we discuss the jotermedi excitati gy range between these two
regions. In the case of x-scattering on 27Al, a compact group of levels is selectively
populated. While we restrict curselves to the case of 27Al, it should be mentioned that
this seems to be a general feature of {a, o) spectra for 3d shell nuclei such as the Mg
isotopes 2). While a similar selective population of the intermediate energy range is
observed in the Mg isotopes, there seems to be a definite mass dependent difference.
This will be a matter of further investigations.

do/dn (mb/sr)

- Ex=93 204
LN Mev

’
.

Ex=10.2 :C5
Mev
[

157 .
T ety
= 0% 20°  30° 40 By

Caentuavnl ol

2. Results

A typical (w, &'} energy spectrum from the investigation ) of the GQR is shown in
lig. 1. The experiment was performed using the 145 MeV a-beam of JULIC (Jilich
Isochrenous Cycloiron). The scattered particles were detected and idenmtified by
189

Fig. 3. Typical anguler distributions of yields obscrved in the intermediate region. For comparison, the
angular distrivution for the 3* lovel at 2.2 McY is shown. The curves represent DWBA czlculations.
Only siatistical errors dus to counting rate are included.
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Finally,

- usually uncertainty in scale give:
additionally 1-2% in old data

-not equal 90.degr. angle or reall
non-linear scales (more thamn 2%) cal
give different percentage ol
uncertainty in data v
-percentage of really bad quality of
figures in old publications IS il
small. ‘

- the most sensible thing in
digiﬁzat /s axes delfinition.
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Cross Section Measurements for the '**Rh(n,n"}'**Rh™ Reaction from!
0.122 10 14.74 MeV

D. C. SANTRY AND J. I, BUTLLR
Chath River Nuvtear Lodnaatorics, Atoric Enorgs of Camdu i
Keeeived Eebruary o, 1574

o Chath River. Quieria

Crass sections for the production of '9*RN™ were measured by the awt
energies below 5.3 MeV the noutran llux was measured with 4 calibraled neuron long Sounter.
while at higher encrgics, measuremenis were madc relative 10 the known wross section for the
225(p p)"P reaclion. The shape of the Rh excitation curve is discussed in 1CFms of katwi energy
levels in "%°Rh. An effective cross sechon for a 7L hssion neutton SpEcrum valeulured from
the measured excitation curve is 724 + 43 mb.

Les sections efficaces powr la production de 7 Rh™ ont éié mesurées par |a méthede d'activa-

Lih, Aux nergics infercurcs & 5.3 McV. lo lux de neutron a été mesur avec Un lang compleur
caltbré, alors qu-aux énergics plus élovies on = déterming les sestions efficaces relanvement 3

celle de la reaction 2*S(n,p)* *P. L [uruie de la courbe d'excitation de Rh est discutée en termes

des niveaux d'énergie connus poul

183Rk. La valour effective de la section #fhicace pout Je

spectre des neutrons de fission de ***U caloulée & pactic de ln courbe d'encitation mesirée est

724 + 43 mb.

Can.J. Fhys., $2. 182101979

Introduction

Because of its low efiective threshold energy
(40 keV) rhodium is considered an important
fast neutron flux monitor, especially for nuclear
reactoss, The isomeric state at 40 keV in '9*Rh
decays with a half-life of 56 min and can be
produced by neutron inelasic scaliering by
gither direct excitation or more probably foliow-
ing excitation to higher levels which de-excite
immediately 10 the isomeric state. The 40 keV
transition is highly mtetnally converted so that
the observed radiation consists almost entirely of
K X rays of ~ 20 keV energy.

As a continuativn of aur previous studies to
provide 2 set ol precise fast-neelron excitation
curves for threshold detectors, this  paper
describes mensurements of the '®Rh™ produc-
tion ¢ross sectiun from threshold energies 1o
14.7 MeY. A detdiled deseription is given of
measured corrections which were required for
cross section determinations.

Experimental Work
In u previous publication (Saniry und Butler
1972) a compleic descripion wis given of the
equipment and (echnigues which are used in
our cross seelion measurements.  Therefore,
only a brief autline of the experimental arringe-

[Traduit par ke journal)

ment will be given here with emphasis placed on
those newer features which applied specifically
ta Rh activation and activity measuremnents

Irradiations

Listed in Table | are nuclear teactions used to
neduce monocnergetic neutrons,

Lithium targets were prepared by vacuum
sublimation of LiF onto gold backing foils.
Measurements of the neutron yield (07} as a
function of . proton energy showed the well
known 1wo maxima; one a threshold at
1.88] MeV and the other a2 resonance at
2.27 MeV. The thickness of ¢ach target was
determined by weighing and by measuring the
encrgy shift of the resvnunce, fe. the difference
between the proton energy at threshold and the
proton energy corresponding to the resonance.
Agrcement between the two methods wae 57,
Typical target thicknesses were 500 pgfem?
which corresponded 10 an energy loss of
~60 keV for 2 MeV protons.

By cooling the irradiation cell with a1 jet of air,
the LiF 1argets could be operated with beam
currents up (o 20 pA over an 8 mm?® area lor
several hours withoul any appreciable decrease
in ncutron yield.

Targers of Ti-T and D gas were also used and
these were identical to those described previously
{Santry and Buller 1972).

Disks of Rh metal 4.76 mm in diameler and
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Newtron source # ('Li + p). O (T + o).

cross section at 13.58 MeV. Neutrons produced
at this cnergy with the {D + D) reaction re
quired a large breakup vonection while ncutrens
produced with the (D + T} reaction required no
correction.

Resulls und Discussion

Cross section values for Rh based on neutron
flux measurements made with a calibrated
ncutron long counter are given in Table 2.
Al neuliyn wnergics 248 Mc¥, Rh  cross
sections were measured refative to the **S(n,p}
reaction and the results are listed in Table 3.
Continuity in the shape of the cross section
curve, as shown in Fig $% wag ablained in the
low energy region where neulrons were produced
with the {p + Li} und {p + T) reactions.

In the energy region 4.8 1o 3.1 MeV, (0
irraduitions were performed and cross seclions
were calculated relative o bolh the neutron
long counter and the suffur monitors. The
average values agreed la within 7%, which was
well within the accuracy of the 1wo methods.
It should be cmphasized that fluxcs measured

CAN. 1. PHYS
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with the long counter were in no way normalized
10 the **S(n,p) measurements,

{iood agreement was obtained in other energy
regions where neulrons were produced from
different reactions. f.e. ~3 and 13,6 McV, The
complete excitation curve is shown in Fig. 6.

Each cross section is the average of at least
twe detetminations. Ecrors in the mcasurements
were described in dewail previously (Santry and
Butler 1972) and include an uncertainty im
counting efficiency, sample-to-moniter geemetry
factor, corrections due (o the preseace of
extranecus neutrons, and also, statistical
counting crrors. In general, the errors in cross
sectivn values are about 4 to 6%, except near the
reaction threshold energy. Neutron energies
listed are average values with 687 of the neutrons
having energies within the range quoted. Errors
in the neutron flux measurements are 3 1o 4%
for the long counter 2ad 3% for the *3S(n,p)
measur¢ments.

A Gusiparison of sur measurcments with those
of other investigators is limited 1o three sets of
dala. Some relative cross sections were measured
by Garvey (1963} and these results when
normalized 1o cur data at 3.3 MeV. reproduce
the shape of owur measured excitation curve
frem 0.2 to 5 MeV, From 5 to 7.2 MeV, the
normalized values of Garvey are lower than our
measured values. No experimental details were
given concerning the measurements by Carvey
nor were any errors guoted for either neutron
energies or the cross section values. Nagel and
Aten (1966) measured a value of 508 £ 50 mb
st 14.2 McV. Cur value at this energy is 297 &
130, Kimura e al. (1969) mcasurced cross
section values at encrgies from 0,180 to 4.6 Mev.
Their results were about 307, lower than ours.
Kimura gives no indication that corrections were
applied 1o their data for the various effects
described in cur papers. We assume that such
corrections were not measured. In addition, the
wetual efliviency fuctor for X ray counting tei
Rh samples was not given; consequently, it is
nol possible (0 evaluate their radioactivity
measurements.

Cross Section Value for a Fission Newtron
Spectrunt
The effective cross section & for Rhin a 13U
fission neutron speelrum was calculated from
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The Use of a Small Accelerator to Study
the Gamma Rays Associated with the
Inelastic Scattering of 14-MeV
Neutrons in “Si, *S and “Tit

K. A. CONNELL and A. J. COX
Thysics Deparcment, University of Aston in Birminghom, Birmingham, England

(Reccived 19 April 1974)

The y-rays associated with the inclastic scattering of 14-MeV neutrons in 2§, 323 and 15Ti are
investigated. In each casc the differential cross section in the range of 0-90° are measured with
angular resolution of £4°. The peutrons are produced using the 2D{ T, n)%z reaction. A time-
of-ight teclmique using the = particle associated with production of the: neutron to give a zero
time signal s used 1o reduce background interference.

At prESENT there is a lack of data on y-rays pro-
duced in fast neutron reactions and little in-
formation concerning the reaction mechanisms.
Most of the work to date has been done with
neutrons whose energies are less than 7 MeV,
What work has been dong in the 14=15 MeV
region hag concentrated en the measurement of
differential y-ray cross sections and usnally
measurcinents are made at 90° only, with
augular resolutions in the region of +20°.
Measurement of the angular dismributions of
cmitted p-rays can give much nceded data for
the shielding of fast reactors and other intense
neutron flux devices. In addition they are inter-
esting theoretically as they provide a test of the
reaction mechanism,

The present work investigated the angular
distributions of the y-rays associated with the
inelastic scattering of 14-MeV neutrens pro-
duced by the T(D, n}e reaction. Time.of-
Aight techniques were used both to differentiate
between y-rays and neutrons and to reduce
background interference. The angular resolu-
tion wasy 4 4”. The elerments invesiigaied were
2851, 333, 484, each of which was selected as
each has ground state spin of Ot and & first
excited state spin of 2! and have been relatively
little investigated ar 14 MeV. In each case
where more than a single previous measurement

71

had been made there were discrepancies in the
reported results.

The cxperimental arrangement is shown in
Fig. 1. The 150 keV deuteron beam fram a
SAMES type J accelerator was incident on a
tritiated titanium target. The s-particle pro-
duced a zero time signal. The neutrons were
inelastically scattered from the scattering sample
and the resultant y-rays detected by the move-
able Nal(T1} deicctor 1-39 m, from the scat-
tering samnple. The 4-ray detector and its
shield are shown in Fig. 2. A 762 mm x 762
mm Nal{T!l) erystal was mounted, via a con-
verging perspex light pipe (angle of convergence
91, onto a 2-in. 56 AVP photo-multiplier tube
fitted with a w-metal shieid. The Nal was
shielded from randomly scattered y-rays and
neutrons by the shield and from the neutron
source by means of the iron shadow har. Nal-
(T1) was used as the detector, because of its
greater cfficiency and smaller neutron response
compared to a Ge{li) detector in the present
experimental situation. 1t is also less suscep-
tible to damage caused by continued exposure
to fast neutrons.

The emitted a-particles were detected by a
NFE. 102a plastic scintillator sheet (3 mm thick)
ananufactured by Nuclear Enterprises Limited
mounted en a 56 AVP photo-multiplier mbe
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Table 1 compares the present 90° differential
cross-section, measurement with other published
work.®% It also gives the various experi-
mental techniques used and the angular resolu-
tions achieved by the authors quoted.

The angular distribution was fited by the
least squares methed to an even order Legendre
polynomial series. The equation fitting this
curve is

a(f) = (315 £ 1-6) | (384 5 11°7) cos® G
— (48-5 4 13-4) cost 0.

The integrated cross-section has a valuc of

434 £ 63 mb which i¢ mid-way between Martin
Stewart’s results and those of BexETskir’™ with
values of 471 4= 70 mband 370 4. GO mb respec-
tively.

Resulls for sulphur

‘The same experimental procedure and analy-
sis as above was used here. The sample con-
sisted of a fused block of sulphur 100 % 120 %
27.7mm with a density of 1980 1 10 kgfm?.
Spectra were accumulated at 90°, 70°, 607, 40°
and 25° and a typical spectrum is shown in
Kig. (a). Three peaks are clearly visible at
224, 1-7 and 1-2 MeV, rcspectively. The only
non-negligible mechanism for producing these
is the 32S(n, n"}328 reaction exciting both the
first excited state of #25 at 2:24 McV and higher
excited states which populate the 2:24 MeV
level with subsequent p-ray de-excitation; the
peaks at 1-7 and 1'2 MeV correspond to the
first and second escape peaks. The angular
distribution is shown in Fig. 3(b) together with
the fitted curve.

a(8) = (184 = 0:9) + (582 & 5:6) cos? §
-- {462 J 748} cos? 6.

The shape of our curve is less anisotropic than
that of Martin and Stewart. The integrated
cross-section was found to be 318 L 36 mb.
Our results are compared to other author's
results in Talle 2. It will be noted that the
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