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- PREFACE

" The 7th International Nuclear Data Committee meeting was held
at Lucas Heights, Sydney, Austrélia, in Octobef 1974. During the
meeting, a topical session was held entitled, "Gamina Rayé from Nuclear
Reactions". Papers were presented by a number of INDC delegates and
by participants from the Australian Atomic Energy Commission, ‘the

Australian National University and the University of Melbourne.

This report contains the text of the papers as submitted by the
authors without further editing. -The paper presented by Professor
G. B. Yankov (USSR) was delivered in Russian and_translated iﬁto
English by an interpreter. Since the full text is not available in
English, only the abstract is presented here. The papers submitted
by Dr. B. Rose (UKAEA) and Professor B. Spicer kUniversity of Melbourne)
were not orally presenfed and 6nly‘the abstracts are included in this

publication.:

~ Several of the papers have been submitted, or will be submitted,
to international journals. Until such time as they are published,
data presented here should not be quoted without prior permission from

the authofs.'

In the Table of Contents, the name of the person who presented
each paper is inen. At the»commencement of each paper, the names

of all authors and their affiliation are given..-
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'SECOND ' INTERNATIONAL .SYMPOSIUM OoN NEUTRON CAPTURE GAMMA RAY .
SPEGTROSCOPY - PETTEN, SEPTEMBER 2-6, 1974
 J. R. BIRD
This' symposium concentrated on a specific topic and provided
quite a thorough review of -progress since the flrst symposium in
1969. Some of the material preSented was already well known, but .
a number of new developments and trends were also ev1dent - from
the papers and from prlvate dlscu551ons. '

There was con51derable emphasis on reactlon mechanlsms w1th
only one thlrd, or less, of the tlme being, spent on nuclear
spectroscopy and structure ThlS meant that there was also more>
emphasis oh epithermal rather than thermal capture. This presumably
arose, in part at least,~from the fact that there was to be an.
International Conference on Nuclear Structure in Amsterdam‘the
following week. . ' v

Some of the more sionificant'(and recent) work'reported-was
as follows; ' 4 '

‘Direct Capture

This is variously defined, but the picture ‘given by Lane is

_ that:

(i) At‘energies~c10se to.thermal we observe on-resonance
and between-resonance. capture. vThe'latter-may_be
‘considered as the sum of contributions of local =~
resonances and background capture‘which is the
contribution of all distant levels. (including hard-.

sphere interactions).

(ii) When resonances overlap we have a strongly fluctuatlng

Cross sectlon (Exicsson fluctuatlons)

(iii) At high energles the fluctuations beCome-small_and

direct or hard-sphere capture dominates.

Attempts to observe background capture from the interference
shape of isolated.levels is recognised to be rendered extremely
difficult by level-level interference. The‘only case discussed
was the 91 keV resonance in S3cr (v:/n) (98 keV resonance in {(n,vy))-
This is quite broad and very astmetric (Jackson) and although a
second broad bump may be superimposed on the low energy tail a

value of O on-res - ZOO'ub is derived. This asymmetry has also



. o v
been observed in 0 measurements at- Karlsruhe (Beer: et. al ) and
the high resolutlon ORELA data’ should be:: studled to throw more
light on this reactlonf"Jackson's results for 61yi (y,n) give

< 13 b and. this was claimed as confirmation of theoretical

o :
non-res

predictions that . should drop "dramatically from below to
» : - non-res : ;

above the peak of the%BSystrength function maximum.

The massldependence of Onon res was discussed theoretically"
by both Lane and. Mahaux: The latter, u51ng an optlcal model
approach, calculated a number of shapes varylng in max1mum to
minimum ratlo,_but all calculatlons produce a drop when gorng from
= 50 tO‘A “60.' Chrlen appealed for similar calculatlons in the

reglon of the 4s strength functlon maximum.

Work at Brookhaven, descrlbed by Chrlen, has 1nvolved a care- -
ful study of partial - cross sectlons from below 1 eV to about 20 eV.
in a number -of nuclel ln.the reglon A = 150-170. Thelbetween '
resonance cross‘section is fitted by multilevel calculations with
all known resonances 1nclud1ng any just above or below the 1nterva1
.measured. In about three cases an additional o NON=Tes 1s.needed to
fit the observations. Random signs of the phaseslof'the resonances

are needed. Chrien is confident that when thlS work is completed

there will be deflnlte ev1dence for o
non-~ res

A new approach to ‘the search for dlrect capture has been taken
in the. analys1s of thermal capture spectra of RCN. Results .for
(37Cl+n) -are found to give a much 1mproved correlatlon with. (d,p)
,results when * (I /E ). is used rather than (I /E 3y bor (I /E S)
Mughabghab rev1ewed thermal results for many nuclel and concluded that
12 nuclel from 27a1 to l+6Ca glve the best correlatlon using EY11 .

These, he concludes, have o domlnated by direct capture.

thermal
From 487i to S7Fe an exponent of 2 to 3 gives the best correlation

and this 1s attrlbuted to the -dominance of valence capture. For Ni.

and Zn an exponent of 4 to 5 is needed and this is attrlbuted to _

the dominance of the;tall of the-giant resonance.. This .is-a neat picture,
but in fact an exponent of O to Bfgive the samejcorrelationlcoefficients
in the'Tl:to Fe@region so that definite coriclusions are barely warranted.
Further comparison of thermal and resonance3spectrafshould help-to clarify

this situation.. ‘i



In reviewing high neutron energy capture, Bergqv1st p01nted
out that direct capture seefs to prov1de only a relatlvely small
part of the cross section (~10%) up to En =.l4 Mevuwhlcn_ls,the

region of the giant dlpole resonance. -

~ Lane reviewed the development of . evldence and ideas. since
the 1950's on simple 1nteractlons and descrlbed them.as ."the most-
exciting anomaly on the nuclear phy51cs scene for some time: that
resonance states wh1ch»can have_lQOO or. more components show- such

simple behaviour".

The importance of single particle transitions comes from
correlations between FYE and .. (2J+l)S (i.e. ‘partial'radiative
widths and stripping spectroscoplc factors), from correlatlons
between,PYi and-Pn, and from. comparison of observed and calculated
values of PYi. As mentioned above, a qharacterlstlc exponent. of E§:

may also apply.

'Mughapghab revieWed_the now considerable body of evidence.for‘

voccurrence of these effects in the mass regions A-='24-60 and - ,

= 90-142 and even higher: In d01ng so, he provided . a- con51derable~_
amount of new evidence: from comparison of calculated valence ‘model
strengths with experlmental results (for. éxample in 24Mg, 36aAr and’
S4Fe). Three other papers to the conference reported new evidence
for correlations in Nb and Mo. Jackson also reéorted iv,n)-results in
Cr and Ni giving PYi—Ph correlations of ~0:.7. Thus the importanCe,of
single particle effects-and the range of hon-statistical nuclei is. -
well-established, the valence model often underestimates the transition
rates and overestimates the correlation coefficients. It is thus '
generally not the only process contributing to resonant éapture in~

these nuclei.

Valence capture is‘going through a honeymoon period in which many
signs of its importance‘are.appearing} ThedneXt step must be to take"
 full account of effects such as the errors in (d,p), Pn and T i'results,

and to fully map the energy and mass regions in which it occursL

The success of the valence neutron model implles;that the giant
dlpole resonance does not steal all thegsingle particle'strength for
s,p and possible drstates‘as is.-assumed in normal photonuclear treat-
ments of the giant resonance. This problem was discussed by Lane in

a review of ideas which .are being applied to establish a compromise.
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It is clearlyvimportant'to investigate d-wave.effects further to find

out whether -they are single particle or g;ant aipgle in character..

Semi~direct Capture

-,

Bergqvist and co-workérs continue with NaI“meaSurements of

. spectra from-fast - neutron capture and comparlsons w1th calculatlons'

‘from theories of seml—dlrect capture. The fits are qualltatlvely
.satlsfactory at the\hlgh,energy end of the spectra. - The cross -
'sections~do not ‘confirii the presence of destructive interference
below the glant dlpole resonance (as mentloned 1n the prev1ous

paragraph)

Berggvist also stressea the importance of new data on 14 MeV o
capture cross sections which agree with results obtained by integféting~,
spectraﬂN'Allhprevious}actiyation—type‘measurements are'now suspected

to have been in error because of the effects- of secondary neutrons. .

Lucas Heights experiments provide data in'the regién linking
valence'capture»éffects at low energies to semi-direct‘effects at
high energles and are thus an important addltlon to- other neutron
capture work - A new group using the Karlsruhe 3 MeV accelerator
reported their first measurements of spectra in the‘keV energy range

(on nickel);;.

- M1 Giant‘iesonance,‘

_ Electron scatteringbat 180o preferentially obserVeStmagnetic
transitionsfand recent experiments, at NRL and IKO report the systematic -
appearancencf a.giant M1 resonance in many nuclei. ‘The centr@ig;occurs
at 63/a MeViand'the‘width is approximately one-fifth of the centroid
energy. For example,»ln 1973w, the resonance is centred on approx1mately :

8 MeV w1th a width of several MeV.

The electron scatterlng experlments are subject to uncertalntles in-
the shape of the radlatlve tail of the elastic. peak. and it is to be hoped
that neutron capture results can be obtained to conflrm the observed M1.

propertles.

E2 Giant Resonance

Electronfscattering also‘provides evidence forfan E2 giaht résonance. .
below the‘El'giant resonancé. ‘Anrigular . dlstrlbutlons for’ gamma rays from
14 MeV neutron ‘Gapture in 12C ‘show" an“anlsotropy suggestlng the presence

of E2° tran51t10ns, but 10B 2954 - and %“0ca do not show thlS effect.



" Nuclear Spectroscopy

‘The study of nuclear levels is noﬁvassisted by the use of polarised
thermal beams and targets;. the use of filtered beams at % keV (boron),
2 keVv (scandium),'24'keV {(iron), and the very intenée and pure beams
provided by guide tubes at the Grenoble‘reactor. Thus level energies
can be obtained teo ilOO eV or better (+10 eV wigh the best bent crystal
spectrometer) and spin-determinations can be maée with the‘polarisation
facilities. Very little interest seems to exist at the moment in
angular correlation work. Work with (n,y) sources for resonance
fluorscence show tha‘t"I'Y values are similar for bound levels and

neutron resonances.

. Heavy Nuclei

An experiment at Munich reported two gamma-réys at 700 and 718 kev
“associated with but preceding deiayed fission by 1 to 2 us. Their
intensity is rather high and further work is needed to confirm whether

these are from (n, yf) reactions.

.Applications

A numbér qf papers were presented on materials analysis using
neutron capture, the most active program of this kind being at
Karlsruhe, where pians ére,in'hand for using a californium source
and a -Ge(Li) detector for studying manganese nodules on the floor

of the‘Pécific Ocean.

General Situation

It'is quite apparent that a lot of current work-in neutron capture
.spectraiis being fitted in between other work which is often programmatic
in nature. This is particularly true at electron linacs and is even more
obvious because of the reduction in. number of these which are active. In
contrast, there is a lot of interest in measuring gamma.ray strength
functions using inelastic scattering of electrons, 3He, “He, etc. (qSing
thé wide range of intermediate energy facilities currently in operation).‘
Work with reactor beams has a new lease of life using the new technigues

and facilities listed earlier.

The Petten sympoéium was.a well organised and cohesive event and it
was agreed that a third such symposium would be organised - if possible -

at Brookhaven in October 197 or possibly at Grenoble.
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NON-STATISTICAL EFFECTS IN GAMMA RAYS FROM keV'NEUTRON CAPTURE =
‘M. J. KENNY, B. J. ALLEN, J. W. BOLDEMAN, A. R. de L. MUSGROVE

‘Australian Atomic Energy Commission

Neutron' capture gamma ray épeétraufof many nucléi do ‘not fol}ow
JStafistic;l modelfprédictiaﬁg, But exhibit a groad bump‘forbgémma
ra; energieé around 5 MéV‘(lZG < A'< i42; 181 < A <‘206?. SThis bﬁmp
has béen found ﬁo be due,fo primary Ei fadiétionf btﬂgr‘nsn-
statistical effects; e.g. partial width correlations at (n,Yy)
‘resodahces between ﬁeutron;énd gamma widths have beeh’observed:in
these mas; feéions ;nd also fér 40'? A< 7d aﬁd 90 < A < 112; “
fhése are all regionsvclose to closed neutfo; shells where the
initial and final sﬁétes in ££e.(n,y) process océur in the vicinity
' of'single pafticle'states. | H
Thrbugh cbllaborativé éxperiments with'OﬁNL we have acéess‘to
neutron cépture cfoss éection data ;btainéd.oh:the 6RELA f;cility,r
By éombining the capture gamma ray spectré‘dbtained at'Lucas Heights
with‘the ORELA data,lweiaqe in a position £o obfain'é befter under--
standihg of the capture bgocessi of particﬁiar interest at fhe;,
p;esent time are valénce effects, doorway séates ahd cqrrelations.
The nuclei for‘whicﬂ we have the strongest iqformation on,non;.
statistiéalveffects are Ca,»Fé:a?d Zr, with some infofmation on
' silicon and barium. 6ur:heutron energy range exLends to i Mev.
We have used a NaI detect;r to étudy'éross features of the
gamma ray séectrum following captﬁré of'neﬁtréns with energieg |
50, 150, 250, 460 and'lOOO keV. ‘In all thiéty‘eiements have
béen studied spanning the mass range 40 ﬁo 240. In many cases a
qualitative estimate caﬁ~immediately be m&de‘of the presence Qf
non-étatistical decay. A computef program containing_the knpwn

response functions of the detector at various energies has been
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used to unfold fhe spettrausd thét the intensities Qf'gamma rays in

bin wid;hs?of 0.25:MeVahavé been ogtained.. Figure‘l sﬁo§5»9 typidal
spectra at energies of: 250 and 450 keV;wheré-there:afe examples of
both statistical and n§n4statiStical decay. vIﬁ some caSes§3§§étra
‘whieh have a% firét.sight‘appeared‘to be'statistical HavéAbeen shoﬁﬁj‘
after unfolding;ﬁo{héve a non¥stati§tical cdmponght;’ Tﬁe majof

survey Hés béen sﬁppléméhted-by moréAdetailed measugémehfsjwith.a 1
high fesolution Ge(Li)'aétéctor.

¢ 1In silicon the captureACross segtion data sthé a broad asymhétric‘
resonaﬁce at a néﬁtfon eﬁergy;of 55 keV and a véry'Sharp narrow |
resonance at 67.7 kév. The asymmetric resonanceiis the Only‘such case
that has been'bbsefvéd.in,thé séries oftoRELA measurements §n.over 40
nuclei and isﬁindieative4of a direct capture componeht.ﬂ Figure 3 shows
the'asymmétfy. ﬁetailedvspectra measurements at‘Lﬁcas Héights héve.~“
shown.that.the 55 keV‘résonance‘is‘follbwed‘only by trénsitions té
negatiQe pafify é;ates at sevéral MeV excitation and is assiéned‘s-wgve
:The 67;7.KEV fesoﬁanée {s folléwéa by strong tranéitions to low lyiné
:positiye pari;y‘étates and is presumed p-wave with JZ =13/2;. Avfu;ther
aSymmétric resonance is 6bserved at 180 keV and inQérSé {(y.n) éxpér;ments
poin? to avdoorwéy séate at En : 800 keV. :Furthe;'aﬁélYSis of,exi;ting
spectra -and exgension:tc highei nehtron'energies is curfentiy under way.
Howevér it ié aléeadyfappa%ent éhat_stroné valence effe?té~od¢ur in 2?Si.

For capture by Qiéa a:correiatién coefficient of‘6;74 is‘obée;ved

betWeenrfz.and F; fo; lOJs;ane;resgnahcés. The avg;age.value‘<fy>s
is 3.7 eV théh is'abdut three times'the value expected in this mass
region. Strong_singie particle_effects do occur,‘bﬁﬁ ére not Sufficiént
to account for aliiéflthis inéﬁeése. The spectra'shéw transitions to ..
the 7/2-‘g£OUnd,staté o%‘“lcé for:neutron energiés above SO‘ker This is

interpreted as being due to d-wave resonances. At‘energies.above-ZOO keV,
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the ground state transition wouid-account'for ~10 per cent of the

observed strength. AnalysiS’of the ‘cross: section.data confirms'the 

‘increasing prominence of d-waye resonances:above 150 keV and the d-

wave cross section is»compaﬁable with s-wave and'in excess of .p-wave.
{ . ' :

- The most. detailed spectra measurements have been made fo;'ifon}
where Nal data extends to‘l MéV and Ge(Li) data to 0.5 MeV. -Figure %'
shows the unfolded spectra at vérious energies -and it'is;seen thét
Fﬁey are'similar in shape up to 460 keV. "At 1600 keV the high-energy _V
‘component - broadens considerably withbut any real reduction in-strengtﬁ.
The neutron energy spread 'is about 50 keV in each cése»and’since'the
s-wave levél spacing is ~25 keV in SbFe, only 2 to 3 resonances would
contribute to each spectrum and substantial fluctuations in.cabturef
spectra might be expected; The data are therefore conspicuous- by. their
_overall similarity over a'wide,ehergy range. The increasing p- (and d-)
wafe cross~seqtions relative to the s~wave component make no apparent
change to the spectra.

fiéure 4 shows the high engrgy end (EY_>'3 MeV) - of .the spec¢ctra -
_obtained with a Ge(Li) detector for energies up to. 460 keV,: The
Aenergies of the primary y-rays shift with increasing neutron energy;
Transitions are ObsérQéd to.all léw lying states up to 706 keV:
(l/éf 3757, 5/2—) and to other higher states. While the ground
state doqblet is'aLwafs prominent, transitions.to other states become'
more significant at higher enefgiesn
Estimates of the intensity ratios of y-ray transitions to the
four lowest energy states, relative to the‘sqmmed‘intensities for
E& > 3 MeV are shown in\the table (Figure 5). The behaviour is .. ..
.consistently.similar from thermal to llMeV. ‘It is possible. that :-
ﬁnresolved gamma raysvméy produce . normalisation errors, the maximum
possible effect of_which,wouid be to reduce the relative values of

‘the high energy component by about one fifth.
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At 460 kev, the Néﬁ spectrum'hés been anél&séd for Soth
statistical and valence model compénents.:.When normalised to the
oyserved\inte;sity'ai 3 MeV, insufficiént strengtﬁ was‘predicted
ét high_y;#ay éﬁefgiés.; Then the valence model as applied by

’ Mughabghab'waé hsedfto calculate.expected partial radiative widths
" to strong sin§le)particle.final”states. Calculat}pns;were also
made for the 2?;7.kev séwaQe resonance whose parameters are well

known. The observed high energy strengths at both 27 and 460 Kev

are about twice thel calculated value for the valence model. This

discrepancy is too large to be accounted for by normalisation errors.

To obtain a‘higher'valence-coméonent would require lg§e¥i£g Fn<which
in this Casefis.unlikely. It appears thén thatAthe-valence.model
does not on ité own account for the observed high ehergy,strength.
‘This is in 1in§.with‘thé 6bservations of Bhat ét al. who calculated
ground state valenéé cbmponents for s-wave resonances.ﬁp to 220 keV
 aﬁd fouhd‘them té fall well below the ground'state~widths (FYO)
.measured in~tﬁe'ingerse 57Fe(yrn)kreaction; '

For capturg by_9°Zr, detailed énalysis of,the céptgre cross
section data has shown strong correlations between_I‘n and PY over an
energy range'OfJZOqueVu The corfélation coefficignﬁ for 37 assigned
p3/2‘resonances is (0.59 * 0.12). The saﬁple size of 37 produces'a
'_high‘statistical probability of valence effects being preéent.
Théorétical studieé of the tbeory of valence capture  in conjunction
with ﬁ. F. Barrett have éliminated a number of major problems such
~ as ﬁhe consistency of channel radius for‘the normalisation of the
single partiéle wave functions and the form of the'Wignér 1imit.

The theory has managed to reproduée the»observed capture .gamma ray

spectrum for a neutron energy averaged over 10 to 70 keV with

surprising accuracy. An interesting feature of zirconium is.a strong.

-
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uncorrelated ground state transition which is approximatelf equal
to the averaged valence»cbmponent.

A brief mention can also be made for capture by 138g3 where
a correlation of 0.49 is observed between Pg and F+ for 9 s-wave
' resonances. The average <T#> is 340 meV which'once again is iarger
than expected fof the mass region and is not explained purely by
single particle effects.

| In summary, non-statistical effects have been observed for a

" number of nuclei clése to closed neutroﬂ shells. While valence
cépture calculations give reasonable agreement in the case of
zirconium fclosed shell N = 50), they do net give aﬂ adeguate
explanAtion for iron (near closed shell N = 28 + 2). The apparent
failure of the statistical and valence capture modelé to adequately
account for the observed strength to the low lying states leads to
the consideration of semi-direct theory iﬂ which the incoming neutron
scatters in the target nucleus creating a 2p~lh state.

Tﬁe authors acknowledge valuable assistance in the ORELA measure-
ments from R. L. Maqklih of ORNL and in the AAEC measurements from

R. F. Barrett and K. H. Bray of the Australian National University.
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GAMMA-RAY PRODUCTION CROSS SECTION‘OF:OXYGEN

C Jordborg, L G- Stromberg and H Condé Research Institute
of National Defense, Stockholm ’ '

L Nilsson, Tandem Accelerator Laboratory, Uppsala

Abstract:

The gamma-ray production cross section of Oxygen have been measured
.between 6.5 and 10.5 MeV. The measurement has been made in two parts
covering the energy regions from 6.5 to 8.2 MeV and from 7 to 10.5 MeV,
respectively. The gamma-rays were detected with a large Nal crystal
using time-of-flight techniques. The differential cross.Sectionsvat
900 were measured together with angular distributions at three
different energies. Spins for the involved levels ir the compound
" nucleus are proposed and the shapes Of'the'angular‘distributione
are compared with calculafions based on the compound nucleus

model. The results are also compared with previous reported measurements.

Introduction:

The differential cross sections for gamma-ray production from
non-elastic neutron reactions in Oxyger have been measured
between 6 5 and 10 5 MeV. The meaaurement was performed in two
parts. The incident neutron. energy region f“om 6.5 to 8.2 MeV
was measured at the 5.5 MeV van de Graaff’at Studsv1k (1) while
the higher neuﬁron‘energy region from 7 %o 10;5 MeV has recently

been measured at the EN tandem accelerator in Uppsala.

The measurments have been performed witk water as the scattering
sample using a large Nal crystal for gamma-ray detection at

90O relative to the incident neutrons.

At these neutron energies only a limited number of gamma-rays
are produced in (n,n'Y) and‘(n,aY)-reactions‘on 1'60, the most
prominent one being the 6;13’MeV‘gamma-ray transition from the
3™ level in 100 to the 0% ground state. The excitation function
for the 6.13 MeV gamma-ray transition has been studied through-out
the whole erergy region in steps of about SC~100>keV;'The data,
which'ere preliminary for therhigﬁer energy part, reveal a

. prominent structure of the cross-section w1tn energy and are.
compared with previous reported measurements. In the hlgher
energy region the cross sections for the production of the 6.92
and 7.12 MeV gamma-rays in the 16 O(n,n Y)-reactlon and the 3.09,
3.68 and 3.85 MeV gamme—reys in the O(n,aY)-reactlon have also

been measured.
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The angular distributions of the 6.13 MeV gamma‘ray transition
have been measured at 6.9, 7.8 and 8.9 MeV The angular distri-
butions- at 6 9 and 7.8 MeV have a pronounced structure and are
compared w1th d1str1but10ns calculated from the compound nucleus
model assuming-different spin and parities of the levels in the
17

compound nucleus 0.

Experimental arrangements

A schemafic lay-out of the experimental arrangement is shown
in figure 1.. .

J . . . .
Neutrons in the energy range 6.5 - 8.2 MeV were produced at the’
5.5 MeV pulsed van de Graaff at Studsvik using the H(d,n)BHe
reaction (1). The neutron energy range 7 - 10.5 MeV was studied
at the EN tandem accelerator at Unpsala using the . H(d n)3He and
the 3H(p,n) He reactions. Tbe neutron fiux Was in botn cases
monitored by a plastic s01ntlllanor which was run in a t1me -0f - f ight
arrangement. The;nonitor was calibrated against a proton recoil

telescope (figure 2).

The scattering: sample (figure 1) wag & thin-walled cylindrical
holder of plexiglass (dlameter 4 cm, height 5 em) filled with’

water, situated at a dlstance of about 15 cm from the targena

The gamma—ray spectrometer consisted of & ﬁaI crystal with a
diameter of 22.6 cm and‘" length of 20.8 cn; vrewed by. seven RCA
8054 photomult1p11ers. The detector was placed in a heavy snlela,
which could be rotated around the sample Dos1t10n (f1gure 1) Time-~
of - £l1ght techn1ques were -uged to improve %he signal - to-backgrcuné

ratio.
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Data handling

The background was subtracted by means of a Ebmputer‘bbogram'

and the resulting pulse-height spectrum was grouped into 50 keV
intervals. The statistical errors were also“ca;éhlhted.‘InAdrdef

to determine the intensities of the gamma—ray lines an upfolding
calculation was performed by normalisation of the response functions

of the Nal spectrometer to the experimental pulse-height spectrum.

The cross sections were determined by using the. area under the
normalised response function.. The integrated neutron flux on the
sample area was calculated using the neutron peak in the time-of-

flight spectrum measured with the neutron monitor.

In the energy‘regibn velow 8.2 MeV the data have been corrected for
neutron and gamma-ray attenuations and multiple scattering of neutrons
while for the energy region above 8.2 MeV the calculation of the

corrections have not yet been completed.

The estimated total error .in the cross sections is about * 15%. where
the main contribution to the error comes from the uncertainties in

the neutron flux measurement (+ 10%).

Results

The differential cross sections at 90o for tﬁe production of the
6.13, 6.92 and 7.12 MeV gamma-rays from the 16O(n,n'Y)160 reaction
are shown in figure 3 and 4. The data above 8.2 MeV neutron energy
are not fully corrected for multiple scattering and are just |

tentative.

In the same figure the recent data by Dickens and Perey (2) are
also shown. Below 8 MeV' the two measurements agree while above
8 MeV the data for EY= 6.13 MeV by Dickens and Perey are systematically

higher than the present preliminary data.

The angular distributions of the 6.13 MeV gamma~ray at the incident
heutron energies of 6.9 and 7.8 MeV have a pronounced structure A
(figure 5) and the preliminary data at 8.9 MeV show rough agreement
with the distribution at 7.8 MeV. ' o
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The angular distributions of the 6.13 MeV gamma-ray have been
calculétgd at 6:9 and 7,é MeV neutron enq;gy_using the compoundh
nucleus formalism By;éheldon and,manAPatten.(1, 3), The best .
agreement bétwéen.the experimeﬁtfand fhe calculations‘was obtained
by assumingha /2" 'Aséignment for the level at 10.6 MeV and a 3/2
or 5/2vbaséignment for the 11.5 MeV level in,170 (figure 6) in

accordance with previous spin determinations for these levels (1).
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GAMMA RAYS FROM FAST NEUTRON CAPTURE IN SILICON AND SULPHUR

L Nilsson and A Lindhoim, Tandem Accelerator Laboratory, Uppsala and

I Bergqvist, Department of Physics, University of Lund, Lund.

Submitted to Second int.symp, of neutron captufe gamma-ray spectra,
Petten, Sept 1974. | ‘

ABSTRACT:

Gamma-ray spectra from neutron captﬁre in natural samples of siiicon and
sulphur have been measured at incident neutrbn energies between b,T and 10.9 MeV
as well as at 15 MeV, A largé NaI(T1l) scintillator was used as gamma-ray detector
and time-of-Tlight technique was'employed to reject undesirable background. The
- experimental resulis are compared with theoretical predictions of the semi-di}ect

model.

Introduction A

Studies of neutron capture in 2s1d-shell nuqlei have previously been performed
mostly at low energies (below 100 keV) and around 1k MeV. In the low-energy .
region the compound-nucleus proéess is expected to be dominant, whereas at 1h MeV X
semi-direct captufe processeslz iﬁvolving the excitation of the giant dipole .
resonance, account for thgnmini@atures of the observed shapes'and intensities of_
gamma-ray spcctra2). In the intermediate energy region, one might expect a
coﬁpetition between compound-nucleus processes and reactions.or direct and semi-

3)

direct type. In fact,. estimates of Lane and Lynn~' indicate compound-nuclecus
cross sections as high as those expected from direct and semi-direct reactions.
This would imply a more complicéted situation for light nuclei as compared with
heavy nuclei, for_which the compound-nucleus cross sections .at ~ 10 MeV are

expected to te orders of magnitude lower than the direct and semi-direct ones.

 Thc1mot0nuclear cross sections for light nuclei show, ih general, consider-
able structure. One would then expect that the neutron-capture excitation
functions’ Tor high-cnergy transitions also'exhibitvstructufe and ‘that the gamma-
ray spectra'ﬁuries with neutron energy in a way which does not resemble-the
systematic variation of the spectra from heayy nucieif Furthermore, the effccts
of isospin selection rules should be of importanég in neutron capture in light

nuclei.,

. This wqu'reports experim¢nﬁa1'gnmma—ray spectra from neutroen capture in-

- natural éamples of silicon and éﬁlphur at several incident neutron encrgies
between .7 and 10.9 MeV as well as at 15 MeV. Shapes of' gamma-ray spectra and
cross 5ections for iransitions to individual final levels (or group of levels)

are compared with predictions based.on the semi-dircet capture model.



Experimental arrnngcmcnt .

The éxperiments were performed at fhe 5.5 MeV van de Graafl accelerator at
Studsvik and at the EN tandem acceleralor at Uppsalu. The‘accelerators were
adJusted to glve ion pulues of less than 5 ns duration at frequenc1es of 1 Miz
and 2 MHz, respectively. The H(d n) He reaction kao used to produce monoenergetic
neutrons in the energy range h 5 to 8. S MeV, the H(p,n) He rcactlon in the energy‘

range 8.9 to 10.9 Mevhnnd.the H(d n) He reactxon for 15 MeV neutrons. In the

_70w"»'; 7“» "n ‘ds’; ‘dl/z ?hn T By oy Ny, M, PATIE Y
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"Fig. 1. . Gamma-ray spectra from neutron capture in 288i at various reutron
energien normnliVed t¢ the same neutron flux‘andlp]ottﬂé VRIrsus
exc1tat;on engrgy of the final nucleus. The 51ng1e—part1c¢e structure
of 2901 17 g1vcn on top of the figure. The curves represent spectra

calculated from the semi-direct Lapture model wlth comolex parflc]e-
¥v1bratlon‘coup11ng6). The theoretical spectra sre normallaed to rcproducc

the intensity of the transition to the 251/2 ground state.
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former two cases gas-target: systcmS'ﬁ%fﬁ used , in thv 1latter one a tr1f:u1od

t:tanlum turgot The neutron flux monit red ualng tlmﬂ—of*fllghh techniques

by a plastic scintillation counter placed at 135 to the incident ion beam

direction. The moniter counter was calibrated agalnut a polyethylpnn telebcope

.placed in the forward direction. The gamma-ray detector, a NaI(Tl) crystal, 22,6

“cm in dlameter and 20.8 cm long, was placed in a heavy shielding con51st1ng of

illthlum hydxlde, lead and beoron paraffin. Gamma rudlatlon from the sample was

Fig. 2.
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Gomma-ray spectra from neutron capture in ~ 5 at various neutron

‘energies normalized to the same neutron flux and plotted versus

excitation cuergy of the final nucleus. The singie-particle structure
33

S is gilven on top of the figure. The curves  represent spectra

calculated lrom-vhe seml—dlrect capture model with complex particle-

6)

~vibration coupling ‘. The theoretical spectra are normalized to

"and‘2s

3/2 states

reprbduce the sum of the intensities to the 1d
at 0 and 0.84 MeV.

i/2
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éollimﬁted through » lead collimator, 10 cm in diameter and 1 m long, which wﬁs
pluggcd with. hO cm of llthlum hydride tor necutron attenuatlon. Tlme -of - fllght
technlque was uscd to dlStJﬂbUl%h gamma radlatlon Trom, target neutrons and A
neutrons scattered from the sample. = .

Calculations'

. Semi-direct capture cross section for the rcactionms Easi(ngy)egsi‘anq
328(n,75338 are calculated according to the échéme described in ref. b, the only
difference being that the ﬁarameﬁérs_of‘the T, component. of the giant dipole
resonance (ER=19.0 MeV and I'=5.0 MeV‘for’QQSi; ER=19;O:Mév énd I'=6.0 MeV for 338)
are used in the cross section formulas).‘The partiéle-vibration'coup]ing strength
parameters are adgusted to roughly reproduce the 15 MeV cross sections of the
ground state transitions. This procedure requlres for bolh reactions v1-100 MeV
» 'w1th real surface~coup11ngl)and vl=50 MeV and wl=h5 MeVuw1th complex coupllng‘)

ZBSi(n;xol 25,/7 _325("i¥6'¥|’."'d3/2'25‘/2 _
~—-—re1 6, %50 MeV 7 ——tel. b, vy=50 MeV
' w345 MeV | ' S w'..l.S MeV
500 ~ ~~ref. 1, v,=100MeV’ - ' 500]-=~—ref. 1, v=100 MeV
0 Fa)
Y =N i
> Z‘ZOO
Q o
5 - 5 100}
o z
0 @ sol,
Q b
5 \\* (8]
/- 20
20 /- N
\ / b
10 -\\\'/’ 4 10
B S T IO 7 » 6 10\
NEUTRON ENERG&)@V o NEWUTRON ENERGY,MeV
Fig. 3. Cross section of the Fig. b. Cross section of the
8 .. 29 . . _ 32 33
Si{n,y)""si reaction “S(n,y)~"s reactlon for
for transitions to the transitionsto the 1(13/,D and
. .. 29_.. o ' o < '
2s. ,. ground state 1in S1. . A 0.8h
1/2 8 o t 2sl/g_stqtes at 0 and 0.8
The cwrves represent. cross . ; .. MeV in ~°S. The c¢urves
sections calculated from the represent cross sections
semi-direct capture model - " cmlculated from the semi-
with complex {full curve) } direct capture model with
"and real Surfdcc-ﬂdnshed : complex (full curve) and renl
curve ). particle~vibration ~ surface {dasned curve)
‘coupling interaction: _ : particle—Qibnatiqn‘coupling

: interaction.



- - 25,
1(0"111‘ .

. The gawma—rav sphctra at a number of neutron energles for the reactions
' 28 ,Y) and u(n,Y) u-are glvou in flgs. 1 and 2, respectively. Also
jshown in the figure are spectra calculated from the semi-direct model with
cgmp]ex particle-vibration coupllng as proposed by Potokar6). For the -

5 .

,Y) Q1 reaction the intensity of the tran 1t10n to the 2s ground state

1/2
varies slowly with neutron ‘energy and passes through a weak max1mum ‘around 9 MeV

neutron energy. The intensity of the transition to the 1d state at 1.28 MeV, "

3/2
on the other hand, fluctuates strongly with neutron energy. The model predicts a

strong transitions to the 1d

3/2 state, but cannot account for the observed

fluctuations.

3? )33

The sbectra from the S. reaction are dominated by two groups of

transitions; to the 1d and 2s states at 0 and 0.8h MeV and to the 1f

' 3/2 /2 T/2

- and 2p3/2 states at 2.93 and 3.22 MeV These four levels contain large s1n51c— .
particle strengths. It can also be observed that the intensities to the J *ﬁ/?

and 3/2+ levels at 1.97 and 2.31 MeV, with small 51ng1e—parL1cle strengths, are

weak.'Thes the shapes of the spectra indicate thot the reaciion process selects

levels in the final nucleus‘with single-particle oharaoter, i.e. thst a direct-

type mechanism contributes considerably to the reaction process.

The energy dependence of the cross section for the ground state transition of‘
the 28 ,Y) ’81 reaction is- 1llustrated in fig. 3. ‘The experlmental cross
sectlons are compared with pJedlctlons of the semi-direct capture model. A
similar comparison for the 32S(n,Y)33S reuctlon is shown in fig. L. 1t is ev1dent
that the model f&llo to account for the observed excitation functlons and thnr
additional rcaction processes are required. It seems plausible that the compound -
_nucleus process contributes appreciably to the cross sections at least at low

. neutron energies.
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GAMMA RAYn PROM FA T Ni“iITRON CAPTURE IN 89Y AND O

4. Lindholm and L: NllssQn; Tandem;Acc~Lerator Laboratory, UppsalaT.Swedcnfqnd

1. Berggvist and B. P8lsson, Department of Physics, University of Lund, Lund,
Sweden. ‘

Submitted to Seecond int.symp. of neutron capture gamma-vay .spectra,
Petten, Sept 1974. .

 ABSTRACT:

89Y(n,Y)90Y and 1h0Ce(h,Y);ulCe have been

‘ Gamma-ray spectra from the reactions
recorded with a large NaI(Tl) scintillatéor for incident neutron energies between
6.2 and 10.9 MeV. Time-of-flight technique was used to reject undesirable back-
ground The experlmental results are compared with theoretlcal predlctlons of the

semi-direct capture model.

Introduction °

Studies of neutron capture gemma-ray spectra in.the,giantfresonance region
have been performed muihly with lk MeV neutrons. Excitation functions for indi-
vidual transitions over the entire giant-resonance have been recorded only for
the reectiohs _Ong( )2O9Pbl) an (n,Y)hl 2). The comparison of these data
with the semi-direct capture model shows that for the 208Pb(n,Y)gong reaction . -
the model accounts for the shapes of the gamma-ray spectra as well as the neutron
energy de; 'ndence of the.cfcss sections. For hOCa(n;Y)tha on the other hand, the
model feils to describe the shapes of the spectra at least in the ioﬁ—energy part
of the resonance. Furthermore the observed excitation functions disagree with the
semi-direct capture model predictions. This situation motivates Turther experimerts
preferably on nucle1 at intermediate closed neutron shells

89Y(n,Y)90

The present paper reports studies of the reactions Y and

4 . : :
'lhoCe(n,Y)l lce in the neutron energy range 6.2 - 10.9 MeV. Gamma-ray spectra and

cegpture cross sections are compared with predictions based on the semi-direct -

capture model.

Experimental arrsngements

Neutrons in the energy range 6.2 - 8.2 MeV were produced at the 5.5 MeV pulsed
ven de Greaff at Studsvik using the 2H(d,n)3He reacticn. The neutron energy range
8.9 - 10.9 MeV was studied at the EN tandem acceierator at Uppsala. Time-of-{light -
techniques were used to improve tﬁe signal-to-background ratio. The samples were
cyllnders of Y203 and CeO powder, 8 cm in dlameter and 6 cm long. The sample was
placed w1th its axis along the dlrectlon of the 1nc1dent beam Background famma—
ray spectra were recorded with a weter sample containing the same asmount of oxygen
atoms. The_eignal-*o—backgfound ratios in the high-energy part of the spectra ave A
'typically 10:1. Further details of the experlmental procedure and deta handling

3)

-are described elsewhere”’.
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Capture Cross sectlons for 1nd1v1duu1 gamma-ray transitions have been calcula-

ted using the semi~direct model dErIVEd'by Clement, ‘Lane and Rookh). ‘The. modcl’ has

been modified to include spln—orblt .coupling in"the initial &nd final channels

_contribution from direct capture and interference between the direct and COllectivé

capture amplitudes: To evaluate the matriix elements-be%wéeh‘ﬁﬁé:iﬁitial‘énd'fihal

states, calculations of ‘the incident and bound-state wave functions are required.

The incident wave . functions have béep computed by means of a version of the

Figo' lo
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curve) particle~vibration coupling interaction.
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lABACUS 2 codeS) with an optical. potential of the form derived by Rosen etval6)
The bound-state wave functlons have alto been calculated by the ABACU°—2 code
u51ng a real oaxon—WOod potentlal and a spln—orblt potentlal of Thomas form. The
depth of the Saxon—Wood potentlal was adJusted to glve the experlmental blndlng
energy of the 51ngle—part1cle states.

)9

The calculatlons for the reaction Y(n,Y Y have been performed as for an-

ieven—even (J =0" ) target nucleus. The single-particle strengtha and binding

89,7)
8)

energles wvere obtained from (d,p) experiments on « Some 1nformat10n has been

derlved by comparlson with (d,p) studles on 90 Zr . Single-particle structure of

o FRE S v SRES @
B 2 gxeg & 5 2 a5=8 5
'n ) % n |
14 T 1%
; “ce T Ce
‘50' . . ' . 4 4

: : - . . - S
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T
o
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. 50r h’%.

._._l Ly A 1_1 o _.%é##-...
EXCITATION ENERGY (MeV)

R ¢¢§9§o¢u

Fig. 2. Gamma-ray sbectra from neutron cepture in;lboCe at various neutron .
energies normalized to the same neutron flux and plptted,versué excitation
energy of the final nucleus. The single~particle :structure of lthe is .
given on top of the figure.'The.ggpves represents. spectra calculated frbm

the ‘semi-direct capture model with complex (full curve) and real surface

{ Anchad Airvvrra ) bt a ivcal o ~ 0
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E

and othcr nuclel nenr

Ce is similarly given by (d,p) expeiiments on 1h 0 9)

_the ¢losed neutron shell'N‘Be The enerry (E ) and width (') of the giant dlpole

resonance, which are parameters in the semi-direct capture formulsa, have been
taken from photonuclear work 10). (for )90 ='16.7 MeV and. r = 1,2 MeV

)1h10e; P

Y(noY
15 3 MeV gnd T = b.7 MeV)

Two -different types of coupllng between the 1nc1dent neutron and the V1brat10n

Ce(n,y

or the target nucleuﬁ have been applied; the real surface form used by Clement,

b)) 111)

was used as a parameter adjusted to reproduce the observed cross sectlons close to-

-and the complex form proposed by Potokar + The coupllng strength

" the peak of the giant dipole resonance. In the case of real curface coupling =

strength parameters v
40

19 of 270 and 340 MeV were required fory89 (nyy) and

Ce(n,y) respectively. With complex coupling ‘the strength parameters vere taken

15 1 -and wl

and 1mag1nary_strenghts of the isospin part of the optical potential.

represents the real

T T Y T T s T T T Y \

89

T - g T ey T T T

NEUTRON ENERGY, MeV NEUTRON ENERGY, MeV

Fig. 3. Cross sections of the Fig. 4. Cross sections of the _
89Y(n,y)90Y‘reaction for »lhOCe(n;y)lh Ce reactions for
transitions to the'two 2d5/2‘ traneitions to the 2f7/2
levels at 0 and 203 keV in v ground state of Ce (a) and
99Y (a) and for trans1tlons to ‘for transitions to levels
levels below 4.5 MeV i 2 X (v). below 3.5 MeV in 1)lCe (v).

The curves represent -cross

sections celculated from the.

semi-direct capture model with-

complex (full curve) and real

surface. {dashed curve) particlé-

vibratior coupling interaction.

The curves represent cross
sections calculated from the
semi-direct oépture model
with complex-(full .curve) and
resl surfacef(daShed'curVe)
partiole—vibrétion coupling

interaction.
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Results '
Gamma—ray-qpectra ca]éulated from lhe~semi-direvt capture mode]l are shown in
figs. 1 and 2 by full curves (complex particle-vibration coupling) &nd das hcd
. eurves (real. particle-vibration coupllng) together with the exper1menta1 data.
The calculated intensity of each individual transition has been multipliéd‘bj
the response function of the gamma-ray detectbr and the resulting distributions
. have been adied £o give the "theoretical" SPEQtra;'The theoretical spectra have
been normalized to reproduce the observed intensity of the ground-state. transitio
It is evident from figs. 1 and 2 that the semi-direct model accounts for the
essential features.of‘the g;mha—f&y-spéctra. The two types of coupling interactio
give roughly the same shape. for the gamma-réy spectra over the neutronfeﬁergy -
range covered in this work. - .
The cross sections of the 89Y(n,y)9OY‘reaction for transitions to the two-
5/2 levels and for transitiohs to lévels below 4.5 MeV in 90Y are given in
fig. 3 together with calculations based on the semi-direct capture model. A

b 4
similar comparison for the 1 oCe(n,y)l 1

Ce reactlon is shown in fig.l

The semi—direct model with complex partlcle*v1bratlon coupllng 1nteractlon
gives a satlsfactory descrlptlon of the energy dependence of the Cross sectlons,:
whereas the model with real surface. partlcle-ylbratlon coupllng interaction

 fails to sccount for the observed energy variation of the cross sections.
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The Level Structure of 50V and the 5.255 MeV Isobaric Analog Resonance

in 51V Studied by the SOTi(p,,n) and (p,ny) Réactions

~Yoshiaki Tomita and Shigeya Tanaka 1

Nuclear Physics Laboratory
Japan Atomic Energy Research Institute

Tokai-mura, Ibaraki-ken, Japan

Abstract.

The'soTi(p,n)'gnd (p;ny)~reactions have been studied at proton"
‘enérgies between 3.8 and 5.4 MeV. Excifationlfgnctions and angular
distributions have been measured for_both neutrons and Y-rays. The ’1
' results-haie“been'analyzed by the statistical theo;ies. For most of
. the leQels in 50V béloﬁ l.é MeV spins and parities héve been determingd;u'
.fhe branching ratios and the mi*ing ratios for the y-rays deexciting

these levels have also been obtained. The 5.255 MeV analog resonance

has been obscrvéd in the (p,n) reaction and has been assigned to be 9/2+.

NUCLEAR REACTIONS > Ti(p,n), (p,m)°%V, E =3.8-5.4;

~ o ax. 50, ..
measuredAo(Ep;Eh,Q), (EP;EY,B); V deduced lgvels,
J, 7, branching ratios;'SIV analog resonance, J, T;

"~ enriched target.

o
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1. Introduction
The structure of low-lying levels of 50V has' been studied~by various

3 51vcd 9 a

.- reactions, i.e. SIV(p,d)l){ SOTi(p,ny)Z); 49 Ti( H ,d)
‘C'td'd)4’5), and has been shown to be qualitatively consistent with theb

-shell model calculat1on by McCullen Bayman and Zamlck ) However, the

spin assignments have notfbeen‘made for most of the_leveig-abové'l Mev;

and theAexisting'y-ray data -are only'fOr the 10west‘fiVe:1évels studied by means

of the 50T1(p,ny) reaction hV Blasi et a12) |

(In the present investigation, level and decay.scheme below 1.9 MeV

. has been studiedAby‘the 50Ti(p,n) and (p,ny) reacfibns,‘énd spin (parity)

,éssignments have béen made for'mbst of the levels iniestigated by means
of the stat15t1ca1 theorles for average cross sectlons. Espec1a11y the

'4; level predicted by McCullen et al. 6) was located at 0 910 MeV, the same
energy where a 7+ level had been observed by De1Vecch10 et a1.4) and

5)

Bachner et al.>’, and a doublet is proposed for the 0.910 MeV level.

It has been well khdﬁh7)5that (p,n) reaction cross sections are

enhanced at isobaric analog resonances. Analog resonances in 1y nave

been studied in the SOTi(p;p) and (p,p") reactions by Cosmén,.Slater
8 . . -

and Spencer _The anaiog'resonanCe at Ep=5.255 PeV has also been

bserved in the present iﬁyes't‘i;ga\tion,,' and has been assigned to. be 9/2+.

2, Experimental procedure and resﬁltsA
2.1. procedure |
The-eiperiménf was peiformed using pulsed‘protonvbeamsbof ébout
2 ns widths produced by the JAERI 5.5 MV Van de Graaff at a repetition
rate of 1 MHz. The sOTi target was prepared by gvaporating Tinz,(enriched

50

to 83.2% in Ti) 6ntd;a'thick tantalum backing, and had a thickness of

about 1 keV for a 5 MeV proton beam. Neutron spectra were measured by
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the. time-of-flight metﬁod; Th£ée,neutron~detectors were usea,“each of
iwhich consisted of aliquié-scintilatof; 12;S‘cm in diémeter and 10121cm‘
thick, aﬁd’a_photomultiplyér; They were separated from each other by 10°
and were placedr5f 7.9 m from the target. The y-ray detector was a 30 cm>
Ge(Li) deteﬁto; and'waénpléfé&-at 14 cm-from the target.

| Exéitation functions for 50Ti(p‘,n)sov.we're measured at lab angles
' 6f445°, 55°_and‘65° in.tﬁe proton energy ranges 3.8-4.0 MeV and 4.5-5.4
MeV. Angular_distributidns were also measured at nine angles between
10° and 95° in the energy r#ngé‘5.15—5.4 MeV. Sincevthe.cro§s section
fluctuation was eXpected to Be very lﬁrge and the_target'used was very
thin, the measurements were ﬁade at intervalg‘of‘Z.S keV, and ébunts:fbr
four proton energies were accumulated into a singlelépectrum. Neutfbns
due tb'dfher isotopes of titanium were not seen in the spectra except
those from the groﬁhd sta;e_qf 48V.‘

' Gamma ray spectra were takeﬁ at 50° in the pfoton energy range 4.1-5.0
'MéV. Angular distribﬁtions of y-rays were ﬁeasured,at 0°, 30°, 50°} 70°
and 90° at two protoﬁ énergy ranges'4.6¥4j695 and 4.7-4.795 MeV; The
prbton energy were varied in steps of Svkev in.ehch of the ranges.

For some cases) only prompt Y-rays were detected within aboutAZO ﬁs\gffer
the asg;al.df the ihcident protons‘iﬁ o%der to reduce‘background. Gamma .
ray spectra from a natural_titanium target were also taken at seveyal

proton energies, aﬁd were used to identify ¥y-rays originating from other

titanium isotopes than S0rs

I

2.2, ievel.ahd Y-ray energies

Typical spectra are shown in fig. 1 for ngutrons-and in fig. 2 for
Y-rays. Since the time-to-height converters weré ndt calibratedfpreé
cisely, fhe lefel energies were dctermined withvuncertaintics of about-

10 keV from the neutron spectra alone using the Q4va1ucg) of -2.999 MeV
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for the 5OTi(p,n)s-OV reaeéien.. Most of the y-ray eﬁetgiee.were'deter-
‘mined with uncertainties ef 1 keV, - From the;iesuLES‘bf.the thershold
measurements Showniih,fig, 3? the origihs of significant y-rays were
' easily identified,-ffhen»using the known energiea-of’thelfifst five
levels, the level_energiesxof most of the levels were deteriiined with
uhcertaintieSfof ljkev. These level energies'wefe in turn used to
. recalibrate the energy ecale of the neutron spectra, and the energies
of the reet of the leveis were determined with uncértaihtieS»of 3-5 keV.
The results arefsummarized in table 1 togetherﬂwith:thé results of
pievious Studiesl—sll,:The Y-ray energies and branthing ratios detei~;4
mined‘ihAthe present inveetigation are listed in table 2, and’the-deeay
scheme‘determined.is presented in fig. 10, the:details»ofﬁwhich'are

discussed in sect. §.

2.3. excitatioh functions'andrangular distributions
Since the cross section fluctuation was very large, the measured

excitation functions were averaged over the proton energy ranges of
100 keV wldths. The results for neutron data at 55° are shown 1n fips.
4 and 5 by rectangles. When the 55 data were not available because .
of overlapplng with the y ray peaks etc., the averages of the 45°'and
65° data were used Since both the cross sections at SS° obtained from
neutrons and those ‘at 50° from y-rays were almost same as those averaged

over the solid angle .as are seen in figs, 6 and 7,«excitation_funct10ns
:‘obtained from the Y-ray.data at 50°haie also showh in fié; 5 hy‘eliipses.
In the figures the horizohtal and the vertical sizes of'the symbols
represent the energy width of. averaging and "uncertainties' in the cross
sections, respectiVeiy. ‘The "uncertainties'" shown here'areehot the:
experimental uncertainties,‘which'are generally smaller,-bat‘the ekpected

deviations of the averaged cross sections from the statistical model
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predictions due to the cross section fluctuations. They were estimated
from the observed-fludtUétioﬂs of the cross séctions about their averages
in each energy interval as follows:
: v
A= ——
Ut N 4

2 | & ' 2
V= ——> (Gn—<I?),
N as m

&= ——'l;r):"_tl G,
where dn indi;ates_a cross section at the n-th energy and N is the total
nuﬁber of energies iéﬁgL%hergy intervai, The absolute values of. the
cross sections were not determined experimentally since the thickﬁésé
of the target was not accufatelyvknowﬂ, The scaling indicated'werg made
assuming a thickhegs with which the cross sections for the lowest fiyg
levels were best repfbduced by the statistical model calculation aescribed
in ﬁect. 3.

The neutron angular distributions we#e'averaged over thé-enefgy rangé
5.15 - 5.4 MeV. Howevef, for levels which were‘appreciably inflgenced-by:
the analog reSonance at Ep = SQZSS'MeV, the energy range 5.3 - 5.4 MeV
was taken. The relative angular distributions thus obtained are shp&n
in fig. 6. The relative y-ray angdlar distributions are shown .in fig. 7

for the two energy regions investigated.

2.4. isobaric analog resonance

The observed cross sections of some of the levelsAare piotted in
figs. 8 and 9 in the energy range 5:1 - 5.4 MeV. A rather sharp peak_
is seeﬁ*at about 5.26 MeV selecti?ély in‘éeverai levels which have rel-
atively small cross sections. This peak can be identified as due to
the isobéric analdg resonance observedS) inrsoTi(p,p')SoTi(ZI) af Ep ;.

5.264 MeV.
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3. Analysis
The;mgthod.of.thg.aﬁa;y§is and the general égpecxdofj;hezrgsults

are dgscribéd here. The analyﬁis of the analog resbnaﬂcg!is presented
in sect. 4, and the detailed‘discussion on the spin-parity gssigﬁment
for each 1eve1 is given in segt; 5. Thé (p,n)'reagtions’iﬁ the.ené}gy
region iﬁvestigated here are éénsidergd to proCeeAffhroﬁgH compound .
_ nuclear processes, and the analysis‘presented ﬁere.is based on the
‘Hauser-Feshbach theorylo) f?fingutrons and on Sadhlgr's'theoryll)‘for
_Y-Tays. Thé modification proposed'by4Moldauér12) is not used? because
thé present re?ction includes rather many channelslaqdithe éffect of .
this modification is_vefy smalif Transmissién coefﬁicignts were |
calculgted by a computer code TBANCEIS) using therpfical—pbpential
parémgtefs by Péfey¥4j for proton channels and the equivalent local

potential parameters bx Engelbrecht and Fiedeldyls) for neutfonlchannelﬁ.

3.1, excitation‘functidns
Since the spin;paiities of the lowest five levels haveiheén known
Qélfzfé’s), comparison between the éxperimental and the qalculatéd Cross
‘sections weré,first made for thegeflevels and the abédlute*valués-of
the meastred cross seétionS'were*normalized to the célcUIated?vaIues.
A Tﬂis normaliiation'iS'Only‘for‘the CBnVenieﬂce of the comparison between
the experimenta1~and'the caléurated‘cross sections, énd~is;n6f very
iimportant, since the conglﬁsion of the analysis canrbegdeduced only from
the rgla;ive values of tﬁe various. cross seétions. The fitsyfor_the
five levels aré‘shown_in fig. 4. .The vefy gqqd‘fitS'seenJQéie support.
the assignment of fhejspih-fafity sequence of 6+, 5+, 4+, $+‘Qﬁd 2+.
Tﬁe breaks at 5,25.MéV in the calculated cross section }ines.afeathe'
effect of the enh;nceméﬁt due to the analog resonance, which is dis-

cussed in sect. 4. The excitation functions of other levels are shown
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e

in fig. 5 for rarious choices of ‘the spin-parities; -‘Calculated cross
section of a levelﬁsdmewhat'depénds on the choices of the spin-parities
'of other lerelsa"The'effects of ‘this dependence]are.indicated in the
figure.by‘hatched areas: This dependence Waerespeciaily‘large for
1negative parity levels; The spin dependence,of the cross section o¢(J)
resulted in the sequence of magnltude of

TUYYTE@® (Y(o) >Gc3)7 0‘(4)7@(5 )>0"<<)

(2)

and .enabled to unambiguousiy aesign spins'greater than or equal ‘to 3,

" A characteriStic.feature in the mass region A~ 50 is tnat the
neutron transmission coefflclents for s and d waves are quite larger
than those for p and f waves. at low energles.‘ In the present -case at .
-Ena= Z.O-Mev,Afor instance, the values of the transmission coefficients
are as follows: Tg% = 0.999, Td% = O.6061and‘Td% - 6,658, while Tp%;;
' 40'.14:7_, Tpg = 0.122, Tf% = 0.009 and Tfz = 0.029. 'i‘herefore, crudely
speaking, the levels with nositive (negative):parity aré mainly populated
~ through the compound states,with positive‘(negative) parity. This fact
causes'some differences between the Cross'sectibnS'of.levels with dif-
ferent parity. ;Especially;-0(44) is considerably larger than o(4+) as.

is seen in fig. S.

3.2. anguiar distributions

Tne neasured[neutrbn angular distributions had large uncertainties,w'
and were not'veryvueeful in determining the spin~parities except fer a
few.cases. The calculated. angular dlstrlbutlons are shown in fig. 6,
and are generally con51stent w1th the spln—parlty a551gnment from the
excltatlon functions and the y-ray angular dlstrlbutlons. Rather dlf— .

ferent angular distributions are predicted between the opposite parities
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for levels;with J=4 orASt

. The y~ray angular d1str1but1ons were well determlned exper1menta11y
and could resolve most of the amb1gu1t1es in the sp1n ass1gnments from
the exc1tat10n functlons, though nothing could be said as to the par1t1es.‘
In calculat1ng the angular distributions, the m1x1ng rat1os were so
determined as tO“hest fit the experimental angUlag distributions; The
best fits obtained are shown in fig. 7‘hy diffeﬁeht cufves for
various choiceS'for the<spinevof the levels. The mixing ratios thus

obtained are listed in table 2,

. 4, Isobaric analog resonance
' The enhancement of . (p,n) cross sections at analog resonances has

been explained by Robson et a116?

as due to the mixing of the analog
states with the background T< compound states. "According to their theory,
' theienhaneed (p,n) cross sections at an analog resonance. are calculated

by-the‘enhanced.transmission eeefficient in the“entrancefchannelj'which :

is ‘expressed as

d" (t: ED+A) )
Ty -TT (E- Eo)+——r1 | 3

where p* denotesfthe preton channel respehsible:for the analog resonance;
Tp*'is the transmission eeefficient in the absencetof the analog resonance,
and Eof I' and A are the energy, width and 1eve1 shift of the reSOnance,
respectively;‘and are treated as parameters. Since4the energy steps of
the present measuremeht were not narrow enough to determihe'r " the value.
of 20 keV by Cosman et al 8) was taken. The resonance.energy E was found
to be 5.255 * 0. 010 MeV and was cons1stent with the value of 5. 264 * 0 020

MeV obtained by Cosman et al.)
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Then the value of A was varied in order to fit,the‘crosstectioné‘of.‘-
the ground 6+ and the first 5+ levels. The value'ofrA has a permissibie

maximum imposed by .the condition

N W

The best values of A obtained for various spin-parity assignments Jv'

for the resonance are as follows:

| 'Jm = — é4keV,

_—— = ~4%keV,
A (5)

= —140 eV -

)
=

+ v A-"—: —S\g keV,

o el
e

v by ul w]m
-+

Here the values for J' = %~ and %_ are the narimums given by 4). 4Tne
‘fits obtained are shown in fig. 8 by various curves, where fhe‘croea
sections calculated for tﬁebsum of the second, third and fourth-excifed
levels are also Shown. The spin-parities %m and z---cannot reproduce

the observed enhancement in the-6+ and 5+ levels, and J" .%+ exhlblt

too large peak in the summed cross section for the 4+, 3+ and 2+ levels.:

Only J" ‘explains all the data and the sp1n parity of the analog

9
=7
resonance is assigned to be %4.
The assignment does not agree with the value of (—«J by Cosman
et al. 8) "They concluded this result from the proton angular dlstrlbption
for the firstf2+ level of 50Ti at a incident proton energy close to the
peak of the resonance. But the cross section fluctuation is too large

to draw a definite conclusion from the shape of the angular distribution

at a single incident energy,withva small energy spread; In assigning
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Jm =ﬁéiq they;had toicensider this resonance to beganalqé,te;ﬁhe,4g012
MeV %- level of 51 1 .This correspondence .hasita.t‘ dlfflcult)'. “as was,
alluded by themselves. "The Coulomb energyfdiﬁfefeneesﬂohtainedgfron;
the resonance eneﬁgies ef other resonances by them are}in the range

AEc = 7,700 a‘7l793 MeV, while‘the-ahbve cortespondenée?gives AEC =
7.622 MeV,‘which seems too small, The ptesent.aseignnentfef'§+ relates

1

‘the S.ZSS_MeV;resonanee,to_theﬁ3.759-MeV %+ level in SlTiﬁandngives

AE_ = 7.772 MeV in agreement with other resonances.

The above mentloned inadequacy of negat1ve par1ty for this resonance
can be qual1tat1ve1y understood from the fact that pos1t1ve parlty 1evels

V are populated ma1n1y through - compound states w1th pos1t1ve parity,
as is ment;oned in sect. 3.1, and that the cross sectloniqf_the 6+‘ground
‘state ls'strongly'enhanced at-thle resenance. |

Using the values of J“-andnnAthuS obtained; the ctese seetions of
_ highev levels can be calculated. The.reeults arewghown'in;flgﬁ:ngOr.,
,three levels whose cross seetions are enhanced at thlegfésonanCeuand .
_for other four levels, . wh1ch are . cons1dered to have sp1ns J 3 4
for companlsonni The,theoretical lines for\energy—averaged&exeltatibn_
functionslshowntin fige; 4 and 5 also inelude;the_enhaneementdee to
this resonance The calculaticn.Shows~that levelsfwith»negatlve,parity
or with J S 3 have not enhanced y1e1ds at the resonance.' Thue“the 0.836
MeV level is ass1gned to be 5+ and the 1 702 and 1. 753 MeV levels ‘to be.

4+ or 5+,

5{ Level and~decay scheme dfysovi"' :
5.1. the O. 0 0. 226 0 320 0. 355 and 0.388 MeV levels
Excitation functlon of these levels are con51stent w1th the a551gn—.l

2,4,5)

"ment of 6+‘ 5+ 4+ 3+ and 2+. The 0. 226 MeV 1eve1 cannot be other .

than 5+ from the enhancement at the analog resonance- and from" the
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neutron angular distribution.- 'The 0.320 MeV level is assigned to be 4+

from thelekcitafion functibﬁ,ﬁsince?ax4n~ievel‘has a larger cross eection
as is seen in an e;ample fpr'thef0.910 MeV - level in fig.‘S. The Ov320 Mev
level has been reported to decay tolfhe 0.226 MeV level by Blasi ef al;z)
They did not observe the 320 keV yntransit%pn'fo the greund staﬁe'and set
an upper limit of 2% to the branching ratio. In-the.present investigation,
320 keV peaks were'clearly seen in all the y-fay spectra as ie seen in

~ fig, 2. Since the 0.320 MeV level decays mainly to the 0,226 MeVllevel,'.
and other y-Tay which feeds the latter is the 684 keV y—ray alone as is

shown in fig. 10, the population of this level is expressed as

P(0.320 MV fivel )= T (224 keV ¥ ) — cr(o zzéMe’V'ieveﬂ)

— < 7(
g (éSM-k V). ©

If the 320 keV f—rey is emitted by the 0.320 MeV level, the excitetion‘
functionuof this y-ray should be proportional to P(0.320 MeVv levelj.f This
hold very well as is seen in fig. 3, where the energy‘dependence of P(0.320:
MeV -level) is shown to closely follow the excitation function of the 320
keV y-ray. The ratio of the two quantities gives a branehing ratio of

2,6 * 0.3% for this y-ray.

5.2.. the 0.836 and 0.910 MeV.levels

‘The 0.836 MeV level is‘assigned to be 5+ from the'eicitation function
"and the enhancement at the analog resonance, Thisnlevel'eeems to decay
. to the greund state by emitting a 8}6 ¥ 2 keV y-ray, the existence of
which coﬁld not be ascertained firmly beceuSe_of’the“overlap"with the
834'keV y—rays from 72Ce in the spectra. There was found no other y-ray-
which could be considered to decay from this levél. The excitation

function and the neutron angular.distribution of the 0.910 MeV level are
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consistent'onlyfwith a.4+;assignment. 'The 684fkev.y~rayfwas ascribed,

to this 1eve1 because the exC1tatlon function of the 684 keV Y-ray was
.'nearly the same w1th that of, thls level and there was found no -other y-ray
,deeXC1t1ng thlsslevelgi The y-ray angular.dlstrlbutmonsuareualso,con51stent
withv4+ -A 7+ level has been observed »3) at this energy This.disagree—

ment is discussed in sect. 5. 8

5.3. the 1.301 and 1. 332 MeV 1evels

The exc1tat10n functlon of the 1 301 MeV 1eve1 favours an a551gnment
of J = 2, and the angular dlstrlbutlon of the 913 keV y-ray, wh1ch de-
: exc1tes thls 1eve1 to the 0. 388 MeV. level, def1n1te1y supports this asslgn-.
ment re3ect1ng other ch01ces of J =0 or 1.- The exc1tat10n functlon and |
the neutron angular dlstrlbutlon of the 1.332 MeV 1eve1 can be explained -
only with a J =1 a551gnment. The only y-ray which can be’ascrlbedato
this level is the 944 keV Y- ray However, the yield of thls Y- ray glves ‘
con51derab1y larger cross section than that of this 1eve1 though there
is no cascade Y-ray to this level. on. the other hand the y1e1d of the
" 913 keV Y ray amounts to only 70 T + 6 of the cross’ sectlon of the 1. 301
MeV level. Furthermore at Ep = 4.40 MeV wh1ch is between the thresholds
of the two levels, a 946 keV'Y;ray was observed. The re1at1ve y1e1d of
the 913 and 946 keV'Y—rays was 72 t 4 and 28 .+ 4%, respect1ve1y ThlS
946 keV y-ray canibe considered to deexcites the 1:301 MeV level to the
0. 355:MeV 1eve1 and the missing Y-ray yieId of 30 * 6%”forﬁthe}1m301'MeVﬁ

1eve1 is just compensated by the. 946 keV .y-ray. Since the'energy reso--

lution of the Y-ray detector was not. good ‘the 944 and 946 keV Y ray peaks.;ﬂ&"

were not~resolved in the spectra. With the branchlng ratlo glven above
the yield of the 946 keV y- ray was calculated from the y1e1d of the 913

keV y-ray in order to determlne the y1e1d of the 944 keV Y-ray EKClﬁanﬁ

tion functlon of thls Y-ray thus obta1ned is. shown 1n;fﬂ'gﬁ5 andils;con;§§ L
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‘sistent wifh that of the 1,332 MeV level obtained from the neutron data.

5.4. the 1.401 MeV level .

' This level is assigned to be J" = 3(+) from the éicitatiqn function
and the y-ray anguléf distributions, and decays mainly to the 0.388 MeV
V. level by'the.IOIS keV transitiéﬁ and with a weaker. intensity to the 0.320.

MeV level by the 1081 keV traﬁéition;

5.5. the 1.495 and 1.519 MeV levels
The 1.495 MeV level is assigned to be J = 1 from.the.ekcitation |
function and the‘heutron angular distribution. This level decays to the
. 0.388 MeV level by the 1107 keV tfanéition; As to the 1.519 MeV level,
the excitation function indicates J = 0 or 2. Thj$ level decays to the
0.388 and 0.355 MeV levels by the 1131 and 1164 keV transitions, and the
angular distribufioﬁ; of these y-rays choose J = 2 definiteiy. On the
other hand, the neutron angulaf distribution favours J = 0. This'may
be due to the fact that this level only barely'séparéte~from the 1.495
"MeV level in ﬁhe neufron Spectra in the energy range where the angular
distribution was measuréd and the cross section may have large error due
to the peeling-off procedﬁre; In any case the quality of the data is by
far better for the 1131 keV Y-ray angular distributioﬁé than for tﬁe |
neutron angular distribﬁtion, and the assignment of J = 2 should be

taken. -

5.6.- the 1.562 and 1.676 MeV levels
The 1.562 MeV level decays-to the 0.388 and 0.355 MeV levels by
the 1174 and 1207 keV transitions. Allbthe’data indicate the assignmenf
'of J = 2, Especially fhe angular distributioﬁé_of the 1174 keV y-ray
reject ofher choices. The 1.676 MeV level is a$§iéned to be J = 3 from

the excitation function. The 375 keV y-ray dééxcitesjthis level -to the
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1.301 MeV level. Weak 1288 keV y-ray peaks were bbservédlhdeevthe"»
threshold of this level. This Y-ray may be the transition from this

level to the 0,388 MeV level.

5.7.  the 1,702, 1.753 and'1.810 -MeV levels. .
The 1.702 and .1.753 MeV. levels.are assigned .in sect. 4 to.be 4+
or 5+ from the enhancement at the analog resonance.  Thev1.8I0-Merdecays

to the 0.388 MeV 2+ lével by the 1422 keV transition. The Y-Tay excitation

function suggests this level to be J < 2,

5.8. comparison with previonsfexpgriments‘anﬁ‘thgjshell mbdelpprediction
,The'spineparitY'assignmenté from the pfesent eipeiiméntfare summa--
rized in tgble 1 together Qith:the results of other”experimenté?fs).
The last seCOnd-cqluﬁﬁ isﬂthe as$ignment$ froh the:pfeSeniyexpériment;
They are cOnsigtbnt wiphdthpkrésylts of the.previéusuﬁofksfexcept tﬁep
0.910 MeV level. The last. column is the assignments ptoposedlfrom'all_
the data. _The proposed level scheme is also shown.iﬁ:figu'LQ‘ﬁogether
with ‘the y-transitions. Here We.c0nsidered-thé'QHSLO\hevél to be a
doublet of 4+ énd_7+ 19vé1§;J'A5,is mentioned béfore;'thissleyel_Has .
-beén«assigned 4’5? to be 7+ from the SZCr(dédJSOV_rgééfion;~whi1§ the
- present assignment is 4+. There seems little ambiguity;ﬁniboth,assign4
ments, and“thp‘unique squfion¢of this disagreement Ts;é:douﬁiet of 4+
and 7+. This is a150'ponsi$tent with the fact that in the piggent‘(p;h).
study a 7+ level cannot be excited with apreciable,intensiiy'and'that
the above (d,a).reaction mainly picks up a (f7/2)?“pair ;nﬁ ¥hé excitation
of J = éién.leV¢ls is.fOrbidden17).‘ |
The'main'bénfiguration of the low-lying levels off%qV is considered
to be'(f7/2j;(57/2);1. A shell model calculation confiﬁeQV;p the (£7/2)" "
P S ) :

configurations wés"ﬁadéiby McCullen, Bayman and Zamicki{MiB.Z)G . In’
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| | . o Ca,
this model, the cross conjugate nuclei "V and "~Sc have the same level
structure, The 50V level .scheme proposed here, the 46Sc‘le.ve‘l scheme

8)

proposed by Guichard et'al1 and the shell model prediction by M.B.Z.

are compared in fig. 11. vThe correspondence between the three are nearly -
complete for low-lying levels, if the 0.835 MeV level of 46Sc is 4+,

This good cdrresppndénce also supports the above proposal of a doublet

for the 0,910 MeV level.

6. Summary

The low-lying level and decaf scheme of 50V has been well established
in the present investigation. The présent results show that the’sfﬁdy:
‘of both thé (p,p) and (p,ny) feactiénsiare Veryiefficieht in the spin .
assignment, .In’fact:the spins of most of the:levels bf‘sov'observed
below 1.9 MeV in’preVious experiments have been determiﬁed here.

The 5.255 MeV -analog: resonance in SIV has been assigﬁed'tq be 9/2+. 
Ahaiog‘respnan;esrwith spins,as”}argg as_this are difficult to study by
(p;p) reactions'masked'by fhe predqminanf partial waves with low 1 values:
in the medium méss nuclei. The present rgsults shows thaf sucﬁ resqnanées
can be studied by observing neutron yields for ie?els with relatively
‘high spins. Avcﬁaracteristic feature in the‘A ﬁ'SO mass region that the
. ﬁarity change in the neutron emission process ié.approkimately.forbidden‘
has.enabled the parity assignméﬁt:of the analog resonance and in turn |

the parity assignments of levels enhanced by the resonance.

After the present manuscript had been Written, the authors noticed.
the work by Smith et al.lg) They . - reported twq-1+~1eyqd"atfi;§33i

and 1,490 MeV which are consistent with Quf,resultsf B
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wel

- Figure captions’ ‘

Fig. 1 Neutron spectra for the 50T1(p,n) V reactlon observed at. 45°,
Level numbers correspond to those .given in table l

SoTi(p ny} V reaction'observed

w -7

17Flg. 2 A typ1cal Y-ray spectrum for the
at 50° ‘Gamma- ~-ray energles are: g1ven 1n keV. Asterisks indicate
y-rays due to other 1sotopes of t1tan1um than<$0Tl_ |

Figf:S Exc1tatlon functlons for Y- rays observed at 50°. | ﬁumhers indicate‘

" y-ray energles in kev. The quantity P(320) is the populatlon of
_the 0.320 MeV level obtalned from eq. ).

'Fig; 4f;Exc1tat10n functions of the lowest flve levels measured at .55°
.averaged over each 100 keV 1nterva1 Exnerlmental values are
shown by rectangles, the vert1ca1 sizes of wh1ch 1nd1cate
n"uncerta1nt1es"}obtalned from eqs. (1) Symbols connected by
“lines refer to the stat15t1ca1 model calculatlons descrlbed in
.sect. 3.1.

,fig, 5. Excitation functions of the levels other.than the lowest five,d

| levels; Rectangles and symbols connected by lines have the same_.
meaning as in fig. 4. Excitation functions obtalned'from the
Ay-ray data at 50° are also shown by e111pses. ‘Hatched areas

: 1nd1cate the range of var1at10n in the calculated values due to
the different  choices of the spin-parities of other levels.

.‘Fig.‘6 fNornalized angular distributions of'neutrons‘forgdifferent‘levels'-

| : averaged'over the energy ranges shown.in the figure, Different'“
lines refer to the'statistical model.calculations forldifferent.
choices of the sPin7parlties. |

,Fig;v7, Normaliaed angular\distributions'of varidus‘y~rays‘ ﬁifferent_ 4

"lines refer to the statistical model calculations for different

choices of the spin-parities.
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Fig. 8 The‘measured“cross sections for the'lowest five~1evels'are shown

- by closed c1rc1es for energ1es around the 5. 255 MeV analog

- (renresentb
D1fferent l1nes‘“\v~

‘ resonance. the theoretlcal values for

vd1fferent ch01ces of the sp1n-par1ty of each levels

r‘

Fig. 9 ,Behav1our of the cross sect1ons for var1ous levels around the

5.255 MeV analog resonance. Defferent lInes repreSent the

[ *

theoret1cal values for d1fferent cho1ces of the sp1n-par1ty ofn

each levels.

Lt

Fig.,10 ,Level and decay scheme of 50V determ1ned 1n thls work Gamma-

.xays for wh1ch energ1es are not shown were not observed in the

LI

present measurement

U

50,

V W1th those of 46

- Fig.11 Comparlson of the low ly1ng levels of -S¢.

S

"and the shell model pred1ct1on by- MBZ Only levels w1th p051t1ve

par1ty are shown for 46sé.

AP
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ELECTROMAGNETIC TRANSITIONS IN 22Na

_R.M. Spear, R:AI. Bell, M:T. Esat, P.R. Gardner and D.C. Kean

.!—"—
|
|

[ TR

Departiment of Nuclear Physics,

Australian National University, Canberra, Australia

and
A.M. Baxter
Physics Department,

Australian National University, Canberra, Austrilia

NUCLEAR REACTIONS 2%Na(ile,ay), E = 8.46 MeV; measured
U(EG’EY

E=4.7 - 6.7 MeV; measured G(E,EY).- 22Na levels deduced

}. 22Na level . deduced y-branching. 19 (a,ny),

yrb}anching;~ 19F(a,nY), E=5.0 - 5.2 MeV; measured

Yo

ui{E_,6). 22Na 1evel dedvced J, T, 6, 19F(u,ny),.E = 11.2 MeV;
measured o(C_LE ;6. ). 22Na deduced levels; 22Na levels
n’ Yy’ ny | : |

dc aced J, w, 6, T.
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" Abstract

Eleetronagﬂetie'ﬁrdperties df excited.stateenofazzNa‘heloa
"4, 6-MeV exc1tat10n energy have been studied using the- 23Na(3He ay)ZZNa
and 19F(a ny)zzNa reactlons Inveetlgatlon of theudecay scheme of .
the 4069-keV Ievel'uqlng thefzaNataﬂe a?)zzNaﬁreaEtfenhshowe7a
_'L10+€)° branch to the 1528 keV 1eve1, compareé ‘to a value of 216
,ronorted prev1ously Thc ex1stence of weak gamma- ;ay tran51t10ns:'
" om the 1983- 2211—, and 2572 keV levels has been conf1rmed
_from gamma- ray spectra obtalned above and below threshold for popu—
llatxon of these levels V1a the 19F(a n)?ZNa react1on A long
” standing controvcrsy regardlng the sp1n of Ehe 1983 keV level has-.
.bec1 resolved by gamma ray angular d1str1but10nImeasnrements close _
lfr_,hreshold for the populatlon of the 1983- keV 1eve1 via: the |
flgF(u n)ZZNa reactlon, the results Show that J" (198%) +'

' Neutron gamma correlat;on studles of the 19P(a ny)zzNa reactlonw.l
ta! en in conjunctlon wrth prev1ous data 1mpose 11m1tat10ns on sp1ns
parl‘les of several levels and on mixing ratios- of assocrated

-_ﬁamma—ray_tran51t10nsi The spin-parity values are as follows,
reiatively unlikely aaulgnments being bracketed J (3708) 6 (4 )

+ .

JT(4069) = 47; J"(4466) = 17, 2%, 37 or 47, J" (4522) 5‘_‘(4'_-.,6+);.-
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I. -INTRODUCTION

The 22Na nucleus lies.Within a mass'regiqn where proneunced
prolate deformations are_known to occur. Its 1ow—1yjng energy levels
may be classified into a series of'bands'nhich:ere generelly character-
isticpofrthose_expectedifrom the rotations'of'inrrinsically,deforned
shapes. The large amount of experimental workidevoted ro‘this nucieué
has been predominantly motivated by a desire fo'elucidate.thi§
classification and to extend it to higher energies;

The Brookhaven group have performed an extensive series of

1.-6.’ and have interp_re_ted theilt. ]_'.‘eSU.].tS . ..Z

gamma-ray spectroscopicfetudies
in terms of the Nilsson model_and.the SU3 classification scheme.’
Studies. of .various perticig'transfer}reectipns popu1atin§ states in

22¥a have been made by Garrett and his collaborators7flo;- they have
ccnsidered their resnlts in the light of £hé Nilsedn~node1, and aISO'of-
"the exten51ve shell- model calculat1ons performed by Halbert et al. 11 p
The results of other exper1menta1 1nvest1gat10ns are summar1zed by

Endt-and Van. der Leunlz, and other relevant theoret1ca1 studles 1nc1ude

the,Hartree-Fock calculatlons_by Lee and.Cuss_on13 and Gunye14, the

3 weak-coupling calculetions of Wong and Zukerls, and the Corlolls model
) calculations of'Wasielewski and-Malik16 |

| A rotational- band classification for excitation energies E up
ro 5 MeV is shown in Flg. 1; 1t is dlstllled from the works of var1ous_
author56’8’10’12’17; Spin-aes1gnments__wh1ch,had not been established
by model independent methods when the presenttwork=wes begun_are shown

' in parentheses Evidence for the allocation'cf states to rotetional
bands is deduced from, for example, observat1on that the1r exc1tat10n
energles follow an approx1mate J(J+1) dependence the presence of

enhanced intraband E2 transitions, and the values of spectroscoplc

factors deduced from particle transfer reactions. Many of the assignments



' _h found that the 4069 keV state decays 100° to the 1983 keV state, w1th
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are quite speculative; this is particularly true forhthe K" =1 and 1°
bands, -and for the h1gher members of the other bands whose spins have
generally been deduced from model ~depéndent arguments From a 'study of
the 10Bi(lso,a)zzNa reactlon ‘Del Camp_o.vet'al‘."l'7 have recentlyﬁproposed'V"'
extension of the K“i='3 #*T7£-D;' K"edbf; T”ESO;‘:and‘K"L=‘li3 T = 0
'bands t0aspinsfas’largezas ld?,,g*and 8~ respectiuelygxat‘éxcltafionf
"energies:ranging"uprtoﬂ1;;6‘MeV.{ it is crearly:desirablefthat‘Spins;
parities and“gammaldecay characteristics should'be‘firmly'established
for all'leuels inuolvedlin these speCulations.

In'the“light of these genéral considerations, the work’described

in.this paper was undertaken~with'fheffollQWdﬁguspecificfobjectfves::

I.1. Invest1gft1on of some weak gamma—ray tran51t1ons (Sectlon )

From studies of the react1on 20Ne(3He,pY)22Na Olness et al. K 6h

Z

an upperrllmlt of 25% on any other branches. HAnttlla‘et al'¥8 studled

‘the react1on 21Ne(p Y)22Na and reported ‘a- 21% branch from the 4069 keV

- state to the 1528 keV 5 state “The only comb1nat10n of spln a551gnments

cons1stent w1th the branch1ng -ratio and mean- l1fet1me (T : 4fs) results

of Antt11a et al - and w1th1ﬂuarestr1ct10n}2that J (1983) i 2 or 3

is J(4069) 4, J" (1983) +. ‘There appears to‘be no«other>secure“experi4
‘mental bas1s for alds= 4 ass1gnment for the 4069 keV state It has been
_generally conJectured ’6 that the 4069 KkeV state is the 4 member of the

K1r ;,0*, '; 1 band (see F1g l) and the analogue of the 3356 keV 4

T=1 state of 22Ne Although the J 4 ass1gnment deduced from the '

" results of.Anttlla et al supportsvth1s conJectureb the 21° branch to. the
1528- keV S state ra1ses some problems Assum1ng that the E2 component B

has |M|2 < 10 W. u. (a conservat1ve l1m1t for a AK 3 tran51t1on as requ1red

by the class1f1cat1on shown in F1g 1), the data of Antt11a et al Imply
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an Ml strength of greater theﬁ>OfT W.u. .for a AK = 3 transition. The M1
strength should he,doubly'ihhibited*byvthehk+selectidn rule fdr:interband
trans1t10ns, so thls Tresult constltutes a gross violation of the selectlon
rule. Because the crucial branch‘to theu15281keV level was observed in
~compiex Ge (Li) sihglesaspectra, it.was:decided to check the existehce of
this trehsition by: selecting the appropriate'pertiCIe;gfoup_in the reaction

23Na(3He,0)22Na and examining the spectrum of.coiﬁcident gamma rays.

During their,investigations-of the.reactien-lsF(a,nyj?zNa, Baxter
‘et dI;lg fOund eyidence‘for the-eiistence of.av(l.S + 6;4j% branch from
~ the 2572-kev level to the 657-keV:level “Prior to thls it had been
believed that ‘the 2572- keV level decayed 81% to the ground state and.19%
to the 583-keV statelfz. A sp1n a551gnment of 2 for the 2572~ keV level
. is well established, but there is still some doubt about the negatlve
. parity a551gnment,‘although the welght of the evidence suggests that~ 1t
is probably correctlz. Assuming negative parlty, .the weak branch to the
- 657-keV 0F state would be‘en.MZ,tran51t10h of strength’O,SO‘_ 0.16 W.u. 9,
' which weuldfbe conéistent with the AT = 1 character teQuired hy the clessi_
' fication of Fig. 1. It was decided to study the 19F(a;ny)22Na reaction:
~ below and .above threshold for population of the 2572-keV level in’otder
- to confirm that the gamma ray reported by Baxter.et al. is in fact
,associeted with the decay of the 2572—heV level. While'thié WOrk-was in
progress Haas et al. 20 also reported the observatlon of thls‘tran51t10n '
in 51ng1es spectra from the reactlon 19F(a ny)zzNa f1nd1ng a (1 8+ 0.5)%
branch. However, there,ls;nq indication that thls 1dent1f1cat10n was o
~confirmed bylihvestigation of threshold heheviehrT jHaa; et-al.'elso .
"reported previously unohserved weak brahches from the 2572f-and 1983-keV
'levels It was‘decided to investigate whether‘these'gamha rays displayed

_the approprlate threshold behaviour.
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1.2 d AMeasprement,oflthefangular distributiqn,efygammairayslfromwthe

1983 SSS;kertransition (Section Ill)" “ ;"'

The J = 3 a551gnment for the 1983 keV level ‘has not- been firmly.
established. Angular correlation measurements1 glve " =2 or 3 , and
transfer reactionsjlindicate;J“»= 3", 4+, or 55 - taken tbgether these '

" results give J" 3 ~In additien,.the‘wOrk‘of'Anttila*fet@all édiscussed
in Section.I.lﬁ,strdngly‘supnortsﬁJ“‘é‘Sf."waeVer«1inearfpolarization :
'measurements19 suggest J 2" Although the accumulated eV1dence favours
the 3. a551gnment further 1nvest1gat10n is de51rab1e” For this reason,
the angular dlstrlbutlon of gamma rays - from ‘the 1983 > 583 keV transltlon

has been studied using the }9F(a ny)zzNa réaction, at energles just above

-'threshold for populatlon of. the 1983 keV state

1.3 Angularacdrrelatien_studies of J?F(a,nYizzNa in cellinear :
geemetry“(Section IV). | :
In an attemptAto ebtaln model- 1ndependent sp1n a551gnments for
_some of the 22Na states of 1nterest and multlpole m1x1ng ratlos for
assoc1ated-gamma—ray_transltlenshgangular-correlataen,measurements of
the reactioh IBFéd,nyiééNa'uere perfermed in a Cbllineariéeemetr&f(Methdd II
of Litherland,andVFergusenzljw Neutrens werevdeteétedéatiﬂpifand'the.
angular correlatlonS'ef‘ceincident:gamma‘rays were’measuredhferffransitions
_from.th"e 37.508;, 4069-, 2466-. “and 4522-keV states. -':Dﬁf‘ingf"?t:‘hei’coui?s;e’.o'-ff
this work, Freeman.et al.zz-published”the'results‘df:simila}fmeasurements
for the 3708-, 4466—r 4522- and- 4708-keV states, hhueuerr théugéoﬁétr§‘
-used by these authors d1d not ensure good def1n1t10n of nuclear allgnments

and hence nelther rlgorous sp1n a551gnments nor accurate values of m1x1ng

ratios could‘be'obtarnedz
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II. INVESTIGATION OF SOME WEAK- GAMMA-RAY TRANSITIONS

II.1. The 23Na(3He;0)2%Na reaction

‘The decay scheme?of the 4069-keV level was investigatedvusing'the
23Na(3He~a)22Na reactionf(Q ='8161 keV)., A targetxof approximately
300 ug/cm? NaBr evaporated onto a th1n carbon f011 was bombarded w1th a.
beam’of 8;4§-Mev 3He ~ 1ioms from the A.N. .U. EN tandem accelerator Alpha.
particles emitted at‘20 ‘to the beam’dlrectlon'were detected,wrth‘a ; %;3.
600 um X 50 mm X 8.mm position—sensitive detector placed in the focal
‘plane of a 61-cm double-focussing magnetic spectrometerzs. The detector
bias was adJusted to separate alpha and proton groups ‘of equal magnetlc
'r1g1d1ty. Gamma rays in c01nc1dence ‘with a1pha partlcles were detected
at 90 in a 12.7 cm dlameter x lO 2 cm long NaI(Tl) crystal mounted Wlth
its axis vertical and its front face 4 1 cm above the target spot
‘Conventlonal fast/slow c01nc1dence e1ectron1cs were used to accumulate a
two- parameter 16~ channel (p051t10n 51gna1) X 256 channel (gamma s1gna1),

a-Y coincidence spectrum 1n an IBM 1800 on- 11ne computer Further dis-

crimination between a-Y and P-Y c01nc1dence events was afforded by the
:dlfferent transit t1mes through the magnetic spectrometer: for alphas and ’
‘protons'of,equal energres and rigidities. The spectrometer entrance sl1ts
were set to subtend % élzsd'verticaily and # 1}5° horizontally at‘the
" target; these settlngs were chosen to provide an optlmum compromise
between y1e1d and resolut1on The beam current.was 11m1ted to 80 nA
to ensure that.p11e-up in- the gamna detector'remained‘within acceptable
limits, and also to minimise evaporation of the targetlmaterial.. ﬁvenvso
‘it’was necessary to move to a fresh target spot eVery feW'hoursQ.

vFig; 2 shows the spectrum“of'gamma'rays in coincidence‘With alpha‘
‘ particles populatiné the 4069—keV level, obtained after running for 40'

hours. The inset shows the position spectrum in coincidence with 3
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allngamma rays;'and the particle Wind0ws used to obtain the'gammakray'
' spectrum presented A correction for contam1natlon by gamma rays from
the 3944 kev level was made Tby- f1tt1ng two gauss1an peaks to the pOSltlon
spectrum and ‘then subtract1ng an approprlate fract1on of" the 3944 keV
level spectrum’ from the 4069 keV level spectrum,’ The correct1on amounted
to 2.4% of ‘the total co1nc1dence counts The real—toarandom co1ncidence,
ratlo was’ determ1ned from a s1mu1taneously accumulated t1me spectrum :
" and a correction for randomlcolncrdences (5%) was made by - subtractlng an

appropriately noﬁmalized SingTeS'spectrum from*the«COincidence‘spectrum.

The data clearly show the 2086 keV gamma ray correspond1ng 1o che-

‘main branch from the 4069- keV level and also a weaker 2541 keV branch
tovthe 1528-keV level . The full curve shown 1n F1g 2 represents a
least squares f1t to- the data w1th line shapes measured for the exper1-~

h~menta1 arrangement descrlbed Allowance was made for summ1ng of cascade

: - N . L - .f,‘
gamma rays, assum1ng 1sotrop1c angular d15tr1but10ns The ana1y51s

A

’y1e1ded a branch1ng ratlo of (10 3)° for the decay to the 1528 keV level

_the quoted error 1ncludes allowances - for’ stat15t1ca1 uncerta1nt1es

‘uncerta1nt1es 1n the detector relat1ve eff1c1enc1es, and p0551b1e gamma ray

“ _angular d15tr1but10n effect524.

The present result copfirms the existenceﬁoﬁfa7signi£;cant‘branchv
to the 1528 keV 5 level aS“reported ty Anttila'et al*ls, butvthe

branch1ng ratlo obta1ned 1s smaller than the value of 21 reported by

l

these authors ‘ Assumlng 1(4069) 4 fs , a 21/ branch would requlre

|M|2 (E2) 110 W 1f J" (4069) *'. A branch of (10 ) ould

A

reduce thls 11m1t to lMl2 (E2) 36 W u. which, although large, cannot

‘be reJected25 Furthermore, 1f J 3+ is permltted for the 4069—keV

L

level, then a2t a551gnment for the 1983- keV level would also be permr551b1e;

Thus, the restr1ct1ons 1mposed by the branchlng 1atlo reported by Antt11a et

al., i.e. J(4069) 4 and T (1983) +; are relaxed by the present result :
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to J"(4069) = 3%, 4% and J"(1983) = 2°, 3 .

II,Z..-The 1'9F(c;,n_)221§1a:react‘io'n'

' The reaction !9F(e, n)zzNa Q = ;1950 keV) ‘was used to study weak g
branches from the 1983- 2211 and 2572-keV states. In each case
'51ng1es gamma-ray spectra were obtained at bombardlng energles below and
above the kinematic threshold for populatlon of ‘the level .Targets con-
sisted of 2 mg/cm? SrF

2

planar and coaxial Ge(Li) detectors were used. Gamma rays were identified

.evaporated onto 0.25-mm thlck tungsten. -Both

from their energies observed at 90° to the beam~directipn and branching
ratios Were.deduced'frOmeapectra taken at 0°, 55°, 90°. and 125°. AThe_a
results obtaiﬁed arevlisted in Table 1, together with relevant resulté of
previous workers. Fig. 3 shows spectra taken below and above threshold
for tﬁe-weak gamma raya of energies 1983, 2211, 1915Aand 36i'keV. The ‘

. threshold behaviour of fhese»gamma_raya confirms their,assignment to_ii?Na
levels as proposed by previous workers. Quantitatively the branching | |
ratios obtained are in satisfactory agreemeat»with those7reported |
previously. Contribution5~to peaks from summing.efvcascade:gamma iays

~ were found to be negligible; :The spectra showed no<evidence»of pre&iously

unreported. gamma-ray transitions. from 22Na,:levels.

Assuming that the 1983-keV.state has J" = 3+ and a mean lifetime

- of (2.40 x O.25)pszo, the present4braﬁehing ratio>for fhe ground—s;afe
fransi{ion corresponds to |M|2 (E2) < 0.06 W.u. .This'is a weak E2
tran51t10n, as would be expected if AK 3 in -accord with the rotatiohal-
band classification of Fig. 1. The shell-medel calculatlons of Preedom

and Wildentha1?® also predict that this E2 transitionashould be weak

'(IMI2 (E2) = 0.016 W.u.).

1f the 2572—keV level has J™ = 27 and a mean lifetime of
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(8.8 % 0,9)P5205'then;the present. result for the branching.ratio to
the’657-keV o* state corresponds to |M|2 (M2) = (0;6.i.0m3)~w,g, This
is quite auStrong-MZ transition for this mass fegi°“25.,whi§h'3upp9rts
the AT = 1 nature of the transition required by thechassificatidh:of

Fig. 1.

ITI. ANGULAR DISTRIBUTION OF GAMMA RAYS FROM THE 1983 > 583 keV

TRANSITION

The<angu1arAdistributionlof 1400-kev.gamma_rayi_émittedgin the
transition»between.the IQéS;keV 'state and theu583-kev I{ state was
measured USing"the¢reactionzlsF{a,ny)zzNa at-bombarding energies.E of
5.0, 5.1 and 5.2 MeV close, to the kinematic threshold for populatlon
of the 1983 keV. state (E 4 .76 MeV). A target oanpperrmately'.

120 ug/cm2 BaF2 evaponated Ontb“a 0.25-mm thick~tanta1umfbackingawas
mounted at 45° to the beaim direction and bombarded. w1th beams of et

ions. The energy loss of the. beam in the target ‘was thus about 70 keV

The general arrangement was 51m11ar to that descrlbed in deta11 by Be11
-et al. 7.‘ Gamma rays were detected in a 40 cm3 Ge(Ll) detector rotatable
1n an arc of 12~ cm radlus centred on the target; and in.a 51m11ar detector
f1xed at 90° relatlve to the incident beam direction. Slngles gamma ray 7
‘ spectra were 51mu1taneously accumulated from both detectors Data were
taken with the mov1ng,detector'atlangles of 0°, 15?,'30°%;4$?; Gdf, 75° and
- 90° in random'order,‘and sevéral angles were reneated at.each‘energy'to 3
check reprbducrbiTity»‘ Integrated charges of 500 400 and 300 uC at each

‘angle were used fdi-E‘ 5 0, 5 1. and 5.2 MeV, respectlvely
Angular distributTOnSxWere extracted by'nbrmalizing*thefyield,of~
. the 1400-keV gamma ray in. the moving counter to that of the 583-keV gamma

ray in the Fixed counteg, Approprlate correctlons totalllngﬁless“than.56,
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were made for ADC degd Fime, étfeﬁﬁgtionloflgeﬁma reys iﬂ the targef
backing and anisotropy of‘theetarget—detec;Qr geometryﬂ‘fTﬁe lattef was
determined by‘assuming that'the_aﬁgular-distributions ef gamma reys’from
fhe long-lived 583-keV sfate (= 352 ns ) was' 1sotrop1c As a gheckf
the angular distributiens.were elso extraCted by normallzlng_the 140bekeV
yield to fhe 583—keV yielq:iq the same (moviﬁg)chunter, which cancels. out
dead-time and anisotropy‘effects; requiring onlf a:felatime.attenuatione

_correction of less than 1.5%.

The averege of the angular distributions obtained at»the ehree'ﬂ
bombarding energies, 5.0, 5.1~and'5-2 MeV; was.eempaied‘with the,pre-;
dictions ef the computer program MANDY of Sheldon end Van,?atterzs,
which assumes a statistical compouhd nucleﬁs reaction mechanism.: This
progfam has been applied successfully to a number of (a,n) reactiens‘in
the 25-1d sheli (see, for example, Ref.29), and is eipected to.be apeliee
able.to the present case because of the low outgoing ﬁeutron energy and
the hiéh level density‘in the eompound nucleus. A statistieal‘analyeis
for the relevant excitation region in the 23Na compound nucIeue has beeri
carried out previously by Seaman etial.so,.and furfher support for the.
assumption of a statistical cempound-nucleUS reaction'in the preeent case
is provided by fhe similarity of the angular distributione at 5.0, 5;1
end 5.2 MeV bombarding energy (see Table 2), and that at 5;48.MeV, meeeured

using a thick target by Warburton et al:1

Eof‘the calculation, using MANDY, of magnetic substateﬁpopulations
of 22Na leveis, transmission coefficients were calculated f?om the;optical
model parameters of qugsonsl and Bock et a1.32.__While the majority of
previous.authors have allowed at most an arbitfary 10% var1at10n of
populatlon parametcrs from thevMANDY predlctlons (see for example, Ref.29),

in the present work more generous allowance was made for the effects of

statistical fluctuatlons. Because the bombarding energy in the

"
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19F(a n)22Na reactlon was, forAthe;leVels of ;htéiésf; not“far;above the

- klnematlc threshold, onl) £=0, 2=1 and,’to a iesser extent, L =2
‘neutrons should contribute.51gniffcantly to the,reaction~cross—section{
The relativezcontributions of:these partial waves in the-MANDY calculations
were varied between the extremes of, on the One.hand}.ieroacontribution

from £ = 0 outgoing.neutrons and,ion the other hand;xzero‘cOntribution

from '3 1 oﬁtgoingjneutrons; _the 2.= 2 contributionﬁwaS‘alloued to"
vary from Zero'to‘twice'the value calculated-fron.theloptical model -
parameters. In addition’ the effect of varying;the relativeftransmission
coefficlents for‘nehtrons wfth“total angular momenta j'= 9+ 1/2 and

j= Z _.1/2 was 1nvest1gated and found not to’ affect 51gn1f1cant1y the :

MANDY predrctlons

Figf 4 shows the averaged angular distribution fothhé 1983—:+533—kev-
tran51t10n and the best f1ts to the data for J(1983) 2 or % and
J(583) = 1 obtained uSLng the predlctlons of:MANDY for,the-magnetic
Substate'ﬁopulations,of‘the.1983~kev ievel. Cleariy the.data'are
consistent only with J(1983) ,; 'Aiso shown in.Fig‘ 4vareithe»meaSured
angular d15tr1but1ons for the 1952- - 583 keV decay 1n 22Na and the MANDY
‘pred1ct10n for th1s 2" > l tran51t1on W1th a m1x1ng ratlo of 0. 04 0‘06
(Ref 4) It can be seen that the two are in good agreement -even though,
because of the low y1e1d at 5. 0 and 5.1 MeV ‘ experlmental angular
‘distributions could not be'averaged over bombardinglenergy.as‘was'done
fOr the 1983—'+ 583-KeV transition. ‘The success ofnthe MANDYVpredictions
in the case of the 1952- -+ 583- keV transition is taken as further ‘support
for the va11d1ty of app1y1ng thls analysis to the ne1ghbour1ng 1983-keV

'

level.

¢

Whlle strong arguments have been advanced above for the. appllcab111ty

of MANDY to the resolutlon of the J = (2 3) amb1gu1ty for the 1983-kev

. 2t

level, 1t is not 1ntended to 1mp1y that thls method of ana1y515 can bc
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applied indiscriminate1y7t9'angdlar distribﬁtiﬁns'from‘the~19E(a,ny)22Na
reaction, even whenfobsefvédjclose'to fhreshold; " for example, the angular
'distfibutiong for the 2211- (17) +657-keV 60+j transition were found
) to.be mafkedly differenf*at 5.1 ana 5.2 MeV bombarding energy:
(A, = -0.77 + 0.07 and -0.36 i_OﬂO?'réspectiVelY)’lPerhaps in part
merg]y réflecting the féct‘that;fOr aJ =1 level all the substafes'are
‘substantially populated,_and‘so‘the nuclear alignﬁent-is more sensitive

to the precise values of the population parameters.

» In‘Summary, it is concluded from theuangular'distributionAresults
that the 1983-keV level ha; J = 3, with the ﬁixing ratio of the
1983—»+‘583—keV“£ransiiion bgiﬁg given (see Fig. 4) by arctan § = 0.6° i,l.lf
or arctan § = 79° * 1°. The phase convention for mixing ratios is that of
Rose and Brink33 #nd‘the standard errors on arctan‘Giwere estimated ugihg
:the procedufes described by Archer et a1.34. The-poésibility~érctaﬁ.
§ = 79° % 1° can be rejeétedvﬁince it implies a miraculoﬁsly large M3
strehgtp,when taken iﬁ conjuncfion with branching ratio and lifetime data?o.
.A'S- aSSigﬁment can also be rejected since it fequires | M| 2 (MZ) 2 400 W.u. °
(assﬁﬁing a reasonable E3 strength of £ 100 W.u.). Thus for the 1983-keV

+

level J "= 3%, and arctan § = 0.6° # 1.1° for. the 1983-'+ 583-keV

transition.

IV. ANGULAR-CORRELATION sTuprﬁs OF !9F@,ny )2%Na IN
COLLINEAR GEOMETRY
The reaction 19F(a,ny522Ng has been used tolstudy.the angul;r.
correlations of.gamma-ray transitions from the 3708-, 4069-, 44667 and
4522-keV 1levels of 22Na; A beam of “He " ions was‘used'té gombard a
2 mg/cm? target of Ser evaporated §pto a’O.S—mm'thiCk tungsten backiﬁg.

The target chamber arrangement was similar to that described in Section III.
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,Neutronsvwere detected in a 7.5-cm diameter y 10-cm;i6ng Yiquid (NE 213)
, sc1nt111ator placed at 0% to the beam d1rect1on and 10 cm- from the
target - Gamma. rays were detected 1n,two Ge(Ll)'countensrof 50 and 30 <m3
active volumeé placed 8.0 and 7.5 em ‘respectively,, from theAtarget. The
Aformer counter could be rotated between 90° and 145 relat1ve to. the beam
dlrectlon‘and»was~used to measuregthe,angular correlatlons;‘ the 1atter.

was fixed at. 90° and served as a monitor of reaction yield. .

. For'each Ge(Li)fcounter’c0nvehtiona1 fast/fslow coinéiaeﬁbe circuitry )
‘ mgs:used'to~selectgand.roﬁte real -and random neutrohfgamma ooincidenoe'
spectra:into 2 %2048 chanhels., The ﬁeutroh pulse-shape disCrimination
circuit gated both coincidence.oirchits;' therefore- the fixed-counter
speotrafaecurately.monitoredaany changes in reactioniyield; target oondition,
neutronzdetection efficiencyfand4oount~rate dependeﬁt:effects,"Furthermore,
'the'cointiden;e—time;wihdoms and,bulse;ehape Windoms werevfreqoently
»oheckedrduring the]measurementsv v | |

' that the 4708-keV level of 22a has a 40% branch to

"{“Ii~is‘kﬁowﬁ
the aOGQervrleveI,’mhiCh‘coulafiﬁtroduce some popuIatfon-of3magﬁetic:
.substates-ofvthe‘latter~ievéi other than thoee’direot;y»populated'by the
19F(a;n)'22Na reaCtioh'(er neutron detection at 0°)§‘ Ahpreifmiﬁary
exCitatiOn'function Was measured‘to find an energy at‘Which the relative
populatlons of the 4069- and 4708-keV levels were favourable. The

4708~ » 4069~ keV tran51t10n (639 keV) is obscured by ‘the:637~keV: transition
between the 1528- and»891-keV levels: The intensity of the other branch'“
from the 4708- keV level namely 60° (2725 keV) to the 1983- keV level

was- therefore compared w1th the 1nten51ty of the 4069 1983 2086 keV
gamma ray. The most su1tab1e beam energy was found to be 11 2 MeV where
the relatlve 1nten51t1es of the 2086~ and 2725 keV tran51t10ns were about
10 to 1, and thls energy was.used for-the angular—correlatlon»measurements.

The. beam current was maintained betmeeﬁ 15 and 25 nA to limit count-rate
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~ dependent effects on dead time and resolution. .Twenty—fivé_coinéidencé
spectra were taken, -in. random order, with the movable Ge(Li) ‘detector

. at angles of 90°, 115°; 125°; 135° and 145°." "The typical charge per run 

was'200 nC.

Fig. Srshdws the sum of aiifcoincidence spectra from-the moVing
Ge(Li) detector. -All bﬁt 6né‘of the majof péak§ have-béen'identifiedAWith
estéblisﬁed gamma frénSitiohs from’lévéis in_22Na'up to Ex.= 5166 keV.”h
The unidenfified gaﬁma“ray has an energy of 3375§i 3 keV. Cénéidering
levels of 22Na at excitatibn energies bélow the limit.imposed by kinematics
and the neutrdn-detectibn threshold (Ex==6 MeV), the most likely origiﬁ is
a transition from the levevl‘at"Ex ; 5317 iastkévlz.having an énergy of .
either 3380 + 5 or 3365 + 5 keV, corresponding to final states at
1936.9 ? 0.2 or 1951.9 * 0.2 keV, reSpectiﬁely; >the former possibility’
gives a better match of energieé.' The gamma-ray energies EYiwere separately
Obtained"ffom internal calibration of the sum of all 90° spéctraiin éach
counter, relying mainly on thg"réportedlzfenérgies of the intense ground-
state transitions frqm the‘iongfliVed (2571.5 +0.3)- and'(1527;9.t 0.2)-
keV 1eVe1§. The values obtained'from'thé two ‘counters were in splendid

agreeﬁent. The gamma-ray energies were averagéd and combined with the

12

known™ “ ‘excitation energies Ei of the final states to give the excitation

energies Ei\of~the initial states listed in-Table 3.

- There is A peak in the Spectrﬁm of Fig. 5 which is attributed'tof
the 2541-keV y-ray emitted fn.fhé 4069 > 1528;ke0 transition. ft ig
possible that ofher Y—rays'could Eontribufe td thigvpeak, e.g. if the :
- 5107-keV level12 decayed fo fhe.25724kev level; it w6u1d produce a Y-fay
of eﬁérgy'ZSSS keV. .Howevér there is no positive evidence for‘the‘ekistence
of sﬁch céﬁpeting erays{‘ Assuming that the peak'éOncerned arises entireJy
from the 4069- > iSZB—keV{transifion,'and allowing for a small contribution
to the 4069- -+ 1983;keV peéﬁ from the first‘escapé beak of the 2572-keV

vy—ray, the 4069- - 1528-keV branch is found to be (12 % 3)% from the 125°
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‘data, and (12 i 2)%:from consideration of the data»summed oVer all»angles
This result prov1des excellent confirmation of the (10 3)° value ‘obtained’
in the present work from stud1es of the 23Na(3Heu.7)22Nareactlon (Section
IIWl),_particularlyias it e11m1nates uncertainties ar151ng from angular;
”distribution effects 1t is in clear disagreement W1th the 210 result
“reported by Antt11a et al. 18; Although the present experlment was not
spec1f1ca11y de51gned for 11fet1me determinatlons, convent10na1 Doppler.
A shift attenuation ana1y51s of . the neutron- gamma c01nc1dence data for the
4069- - 1983= keV tran51tion yielded an upper limit of 30 fs for the
lifetime of the 406q oV lewel “this result«ls'consistent~w1th the only

‘preV1ou51y‘reported ‘value ofﬂs 4 fs (Anttila et al.}S);-

Angular correlations were extracted for the 1895- 2088;,'2177-jand
2996 keV gamma rays (Table 3) - They are 1dent1fied w1th:the,following
transitions in 22Na: 4466 » 2572_.2‘;2,_ 4069 » 1983°, 3708 » 15282 and
45?2 > l528.keVZZ,'respectively.~.Here,again theylevelienergies correspond
_to'those giﬁenlin'Refs .6 and 12 The angular correlationstwerefnormalized :
" to the total counts observed between 620 and 1480. keV in the fixed- counter
_ spectra Correctlons were made for random c01nc1dences (about 5%). Ex-
tensiue crOSS‘checks werezmade‘betWeen total neutron yield, integrated
charge, total colncldence yields ‘and coinc1dence y1e1ds of the strong
891— and 1369 keV gamma rays in both counters to ensure that. all the
data were selr con51stent The 2088—keV peak was 1mperfect1y resolved
from the f1rst escape peak of the 2572 keV gamma ray Uncertainties

.'1ntroduced inte determlnation of the 2088-keV gamma-ray yield by

corrections (m 10% ) for thls contaminatlon were est1mated to be < 1%.

Corrections for anisotropy in the targetédetector,geometry were
deduced from the follow1ng measurements (a). the angular distribution
+ .
. of gamma rays: from the decay of the 2311-keV, J" O'alevel of 14N

‘produced via the ‘reaction 11B(a n)1“N u51ng a target of natural boron on.
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tungsten and a beamAeﬁergy‘Eu of 11.2 MeV'(i.e;.beam-conditionslidéntitali
to those,for‘theizzNa'Qbsérvétions);" (b)iés,for (a), but with Edi= 8.0
MeV, which gave cleaner spectra; :(c) observation of fhe angularfvari;tion
in the intensity of gamma rays from.a 1-mm diameter 60Co source placed at
the position of the beaﬁ ;pot obSérved_on the targét; - and - (d) di;ecf;lr
measurement of the.geometry. .These fbﬁr'procedures gavemutuallycompatible
‘results. At 90°, tﬁe correctiqn,rglative to 145° was (S,O‘t 2.5)%; ‘it“-
wa$ less at othe? éngles. ‘qurections to the nominal anglé were less ;

than + 1°,

_Fig. 6 shows‘theAmeasured correlations. The error bars include
uncertainties arising from statistical effeétg,‘backgr§Und,interpolations
undgr the-gamma-ray peaks,fénd'the anisotropy corréCtions, Fig. 7.shows
the résults of least-squares fits to the data caICulatéd for various
‘possible spin sequences; x2 is plotted against arctan é, where S is
the multipole mixiﬁg‘ratiop " These fits are Shbwn'bY‘fhevfull‘CUrves-iﬁ~
Fig. 6. For ﬁeutron.detectién'at 0°, the !9F(a,n)22Na reaction can
populate directly the m = 0, * 1. magnetic substates of the final nucleus.
.Since the effective angle subtended :at the target by the liquid scinfiliatof
for neutron§ corfesponding to the leQels of.interest was about #* 1$°, the
' population of the next higher_éuﬁstate‘(m ='12) may be estimqﬁed’z1 as

approximately 7%. The following substate restrictions were therefore ad0ptedﬁ

0 ¢ Pm=0) .1
0 £ P(m=1#1) < 1
0 £ P(m=#2) ¢ 0.1
J
] Pm) =1
m=0

The P(m) aré defined so that, for example, P(m = #1) is the sum of the

equal populatidﬁé of the m = +1 and m = —l_mégnetic substates. Table
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~ presents the results of Legendre-polynomial. fits to the distributions,
- and the mixing ratios‘permitted'byAthe'reéultSnbf“the least-squares fits“

of Fig. 7 for various spin sequences.

IV.1.. The 3708-keV level . . ST -

"* uFrom their;toincidence‘studies of'the'ZbNétéﬁe,bY)?zNa feaétion:'
Poletti et.al.” répoft that t'h'is_ level decays ’6;.5'% Lo th,é 8"91:1"'—kév 2" state
and,SS%'to‘fhé’lSZBAkeV‘ST staté;“Warburton,efiéd;§§;usedebpﬁIer-Shift
attenuation studies of the 2817-keV transition to fhe 891¥kév'1e&é1 to
determine.theuﬁean=1ifetime of the 3708-keV levelfaﬁxsg ¢?17ifsl“Thesé:
two pieces of‘inf@rmation together'imply that the spin of the level is -
-3, 4; 5.or G,Aand:onvthis basis it-nas been genefélly assﬁmed«fhaf the
37087kev'lgvbi is the 6*.member-of the K" = 3%’:T =0 rot;tional band. .
The lgyelvis strongly poppl&tedlo‘in"the;heavy%ioﬁ ?éaction IZG{lﬁN,aJZZNa,
'whichjis consispent,withAa:high—SPin assignment. Reéently‘ﬁaas et al.zo'
have made further Dopp1ér:shift ﬁeaSumeménts of the 2817-kéV gamﬁé ray, -
T obtainingsé value- of 80 = 40 fs for the lifetime; -they havé~re—anarySed

“theudata,of.Warpurtoq e‘t,él_.35 to obtain a value of 75 + 25 fs, and recommend
-that é,}ifétimequ 77At‘2Q fs be adoﬁted.' Freeméﬂ_et al;22 have studied-
théﬂreactiqn:19F(g;ny)?2Na,‘and report branchipg fatiqsiof (75 # 7)% and
(25 + 7)% to the 891- and 1528-keV levels, respectively; . Their angular- -
correlation measurements of the 3708—->891-keV‘trgnsitiOn_ére consisteht A
with a J =-6 gsﬁignmént for the 3708;keV level.‘ quever their,neutron
detector at 0° subteﬁdéd é-half-aﬂglé‘of 38°; hence there was little
" restriction on sﬁbstate pprIations, and no rigorous spin assignmeﬁts
could be ﬁadeJ. B

The excita;ipnjenergy:thained ;n the pre;ent-wprk from the
transition to ?hg 1§28<key'geyéi'is‘37q4.4't.l.kaQV_(Téb1e3§jf‘_This is

signifibantly-differqnt from thé Value 3708 1 kQV'givep by“Warburton.et
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‘However, if the gamma ray of energy 2818.0° % 0. 7 keV i ascribed .
to a transition to the 891-keV 1eve1 ’then'thé’GXCitatlon energy obtained |
is 3708. 9 0.8 keV, in good agreement w1th the ‘résult of Warburton- et ‘
al: But the latter gamma ray could be contam1nated by 2818 keV rad1at10n
from the 4770- + 1952 keV tran51t10n (a 100” branch ) For’thls reason- -
no attempt was made to analyse the angular corre1at10n of the.2818- keV

gamma ray. It is not obvious that prev1ous authors who have stud1ed the -

3708- -+ 891- keV transition have con51dered this p0351b1e contam1nat10n

In order to 1nvest1gate the possibility that the 4770— > 1952 keV
tran51t10n could cause d1ff1cu1t1es 1n studylng the 3708 > 891~ keV
traneltlon, 51ng1es spectra from the reaction 19F(a ny)?2Na were taken _‘
below and above threshold for populatlon of the 4770- keV state. A 50" cm3
Ge (Li) detector was located at 90° to the beam d1rectlon and the. target
con51sted of 3 mg/cm2 SrF on ‘a thlck tungsten backlng Fhe klnematlc
thresholds for popolatlon'of the 3708- and 4770jkeV.1eve1$'are,Ed = 6849-:
and 8136-keV, respectively. eAt Ea = 8000 keV, the relevant y:ray peak was,,
found to.have an‘energy;ofv2814.8-ig0,f kev;t‘atfﬁue;‘gboo keV,‘i;é.~5bové ,
threshoid for the'4770—keV level, the peak energy was fonnd'to be
2817.6 * 0.5 keV. These resuits indicate that for‘beam.energies above
threshoid for the 4770—kevlieye1; the 4770- =+ 19524keV tranSition'cannot
be ignored‘in_stuinng the 3708- - 891-keV transition.: The data obta1ned
at E& = 8000 keV -produce a level’ekcitatiOn energy of 3705.7 * 0.7 keV
combining this,resuitvwith the ralue dedacedbfrom the_present (n,y)-coincidence

data (3704.4 % 1{0 keV)'yields a best value of E =‘3705.2.i 0.5 keV.

It follows from these 1nvest1gatlons that. all prev1ous studlee of
the 3708- - 891 keV transition u51ng the 19F(a ny)z‘Na reaction at |
bombarding energles above the 4770- keV level threshold should be examlned
to ensure that account was taken of p0551b1e competltaon from the:bi’ly |

4770- 1952—keV,tran51tlon. Thls,applles, for example, to the excitation ‘
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lenergyaand lifetime determinations by Warburton et al,os, and to the
‘branching-ratio and angular-correlation studies of Freeman ét_al.zz.

. The present‘angular-correlation data,for the'21764kevlgamma‘ray
" to the 1528 keV 5 stdte strongly favour J(3708) = 6. The-ﬁext'mo§t

'l1kely asqlgnment is J = 4, and th1s can be reJected at the 3% ‘confidence

limit, -For.J-='6,'arctan‘Gi;.—75° +7°, i.e. 6= —3.7 ti~j  Tbe

J"= 6" posSibility'can'be réjected-because this would imply

|M|2 (M2) > 2§ W.u., assuming a mean llfetlme of ’7 +.20 fs~0 and a :

“branching ratio of 35%%.  For J7 |M|2 (F’) = 207+ 6 W.u., and .

M2 1) = (o.jlg) <1074 W.u

1V.2. The 4069-keV level

The excitation energy obtained from the‘présénf fesultﬁ“is
4071.4 + 0.6 keV (Table -3), hhlcn ‘is in good agleenent w1th thn valUé o
of 4069 £ 2 keV listéd by Warburton et 31.6. Ev;@gnce for-a'J = 4+
assignment . for ;his level;:and‘fof‘its identificgtién'és,thé 4+'&éﬁbei‘6f
the‘K«1T ='O+, T=1 bénd: ha<<been discussed in detail in Sec£l6n5.1 and’ll
of this paper. The pre%snt angular -correlation data for the 2088 keV -
transition to the’ 1983-keV level (shown in Sectlon III to have J“k4 3+)
are consistent w1th J(4069) = 3 or-4; all other possibilitiés~aré“excludéd'
by previous lifetime and branchlng-ratio data. If.the,lifetime,of‘fﬁe
| 4069—kcv‘level-is‘fdkeﬁ~t0”be<s 4 £s (Anttila et a1;181;‘théﬁ'§he ixing"
ratio oﬁialned in-the present work for J(406§) =3 éoffeépénds‘;o a minimum
quadrupole strength of SOO‘w;u.'lf.EZ; or 2.5 x lba"wgu. if M2. Thus'théi i
present results, together with the lifetime value 6fjAp§tila;etla1., show
that the spin of,fhe 4@69-kéV~stgte'is 4, and that férlthp 2088=keV
transition arctan § = °.tn4°. Assuming thé,branéhihg ratio'obtained in

the ploscnt work {(Section II 1), the M1 strenOth ‘of the 2088- keV tran51t10n .

is found to be 3> 0.75 W.u. ThlS is qu1te %trong,_and 1mp11es a T- allowed
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transition, as required by the classification of Fig. 1. Because the .°
value obtained for & is consistent with zero,rand,bnly an upper limit is
available for the lifetime of the-state, no limitations can be placed |

on the E2 strength of the 4069- - 1983-keV .transition.

IV.3. . The 4466-keV level

© On ‘the basis of its selective popniatiOn}in the 12C(1%N,q)22Na

reaction, Hailoch et.al.loftentatively'iﬁentified\thew4466€kev level as
the 4- member of the K" =17, T = 0 band based on the 2211-keV 1~ state.
The angular—correlation data of Freeman et'al.zchor the-18§4¥kev
_‘tran51t10n to the 2572-keV 1eve1 are con51stent w1th a pure E2 tran51t10n
yfrom a“4 to a 2 state; however, as 1nd1cated prev1ously, the1r experl-A»
~mentaI geOmetry,did not ensure good deflnltlon-of nuclear'allgnments,'and'
hence rlgorous spin a551gnments were not p0551b1e Thetdecay scheme of
hthe 4466 keV level hasrun:yet been 1nvest1gated 1n detall the 1894 keV ~
tran51t10n to the 2572~ keV state is the only gamma decay branch yet
.reported22 Gamma ray 51ng1es spectra from the. reactlon 19F(a ny)zzNa 4
taken durlng the present work conflrm that the 1894 keV- gamma- ray dlsplays :h
the COrrectuthreshold behaviour for rts 1dent1f1catron with a transition
fron'the 4466-keV level; the kinematic'threshqidvfer population of the
144s§-kev state is B = 7768 kev,vand the 1894-keV gaama.ra; was clearly.
present at E = SOQO_keV and higher.energies, hut ahsent at E = 7500 keV.
Freeman et al. measnred'a mean‘lifetime for the igvel of”145 tig_fsh fIf
it is assnmed that the 1894—keV gamma ray represents a major branch, iAe

% 10%, then the spln and parity may be restricted, on the basis of thls
11fetrme value, to 0 ,'lt,,zi, 3“, or 4 . The present angular correlatlon
‘for the tran51t10n to the 2572—keV 1eve1 is clearly anlsotroplc (Flg 6),

which ellmlnates the 0 p0551b111ty The m1x1ng ratlos obtalned for J =1

and .3 (Table’ 3). requlre 1mp1au51b1y strong M2 components for p051t1ve
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parity (|M{Z(MZ)52 12 W.u. and ‘36 W.u: ‘respectively, assuming again that
J“02572)== 2" and»tHatAthegobserved*1894~keV'tranSition repreSents a
branch of greater than 10%). Hence,_thewcombinatiom of lifetime and

angular-correlation“data restricts:Jﬁ(4466)-to 17"21, 3f’0f'4', If

assumed to be 50%, -then the E2 strength of the. trans1t10n is 31 12 W.u,

. =10

#

The exc1tat1on energy obta1ned from the. present work ©4467.0 + 0.7
6,22

keV, is in good agreement w1th prev1ous values™’ .

IV.4. Theﬁ45224kev level

+ .
’

Warburtonmet a1.® suggested that_.th’tha‘;']"'r = 7+;member'of’the K“v;‘s

- 0 band based on the ground state of 22Na should lie in the fegion of
excitation éﬁérgy'fram 4.4 to 5. S:MeV‘ vCarrett et’al‘gkfound“that‘the.
4522- keV state 1s weakly populated in one- and two—nucleon transfer
reactlons,'and‘that 1t‘may'thereforeabe‘a h1gh-sp1n state On!the basis
of its select1ve populat1on in the 12C(“’N a)22Na react1on. Hallock et
ual;lo suggested that the 4522 -keV, state is the 7 member of the K 3+;
dlféxb bandf Del Campo et al 17 found that the 4522 keV state is- populated
in the 1°B(150 a)22Na reactlon W1th a strength and ;ngular dlstrrbutlon
cons1stent W1th the pred1ct1ons of Hauser Feshbach calculat1ons for J 7.
'Freeman~et'a1 found a 2994- er transition between the 4522 keV level
and’the lSQS-keV 5* state, "no other 1nformat10n on the decay scheme of
the leveﬁ»has been publdshedu ’Gamma-ray 51ng1es spectra*from‘the reactlon
'19F(u ny)22Na taken durlng the present work conf1rm that the 2994- keV
gamma ray d1splays the correct behav1our for 1ts 1dent1f1cat10n Wlth a
trans1t1on from the 4522 keV level | the k1nemat1c threshold for populat1on
of the 4522 keV state is E 7836 keV and the 2994 keV gamma ray was
clearly prcsent at L -= 8000 keV and hlgher energ1es, but absent at o

: 22 .
E 7500 keV. The angular correlat1on obtalned by Freeman et al for
o4 .
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this transition nas cOnsistent with a pure E2 transition between-7+gand
5" states, but a rigorous sp1n assignment could not be made. »They also,
measured the mean 11fet1me of the 4522-keV level to be 115 tgg fs.

' On the basis of this lifetime, -and assumlng-conservatlvely_thatAthe,

- transition to the 1528-keV level represents a branch of greater than 2%,

+ .
.

the spin and parity of the 4522—keV.1eye1‘may be restricted-to J"'= 3
4‘ 5‘ 6"-t or 7+. The miXing ratios required by the present angular-
~ correlation data (Table 3)*for‘thejtransition to thefiszé-kev state’x
eliminate J" = 3+, 4" and 6 , prov1ded that the tran51t1on represents
.a branch of greater than 0. 010, 14% and 20%, respectlvely (the :equ;site
f,transition Strengths would be lMlz(MS) 30 W.u.; |M|2(M2) "3 W.u. and

IMj2(M2) > 3 W.u., respectively). ‘In add1tlon J = 3,.4 and 6 assignments
‘can be rejeeted at 3%,:3%*and‘1% confidence levels,-respectiVely.]'Thgs;'

: . R e . ' +
‘the combined lifetime and angular-correlation data require J" = 4 s 57, 6+

or 7+,-and strongly favour.'J"T =,5i,0r 7+; If d* = 7#, then the E2 tranr
sition to the 152&-keV'5+ state has“ajstrength of~82t 3 w{g;, assuming '
that the transition is a 100% branch;  this is a~reasonab1e'assumption,.
since the only other p0551b1y 51gn1f1cant decay mode would be to the

' 3708<keV. 6" state, which Freeman et al. find to be less than 36

The excitation energy obtained in the present work (4523.4 = 0.7

keV) is. 'in good agreement w1th prev1ous values6 22

V. CONCLUSIONS

The Tesults reborted'in this paper may be summarized as follows:

(a) Particle-gamma c01nc1dence studies of the reactlon ?3Na(3He ay)22Na
show that the 4069 keV 1eve1 of 22Na has a branch of (10 )':to

the 1528-keV 5° state, Investigation of the_spectrum~of gamma-rays

emitted in coincidence with ncutrons from the reaction °F(a,ny)22Na
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confirms this result, yielding-a value of (12 * 2)%..

(b) Evidenice forﬁthe‘éxisiéﬁcévofléeverai_weakAgaﬁma'ffaﬁsitibﬁs-'
reported by 6ther:workefsffr6m studies of the reaction ISFfa,ny)zzNa '
has been placed on a secure footing by taking data below and above’
fhréshold"f0r‘popﬁfafion'bf_the initial étaté ifnvolved. The

results are shown in Table 1.

(c) The angular;dis;ribptién 9f514007kev gamma rays;fromrthe 19§3fkev
State-pdpﬁlated-ihithe reaction 19F(a,pyjzzNé waSLStudiéd at
' enérgiés,closgftp.th§~kinehatic threshold; thgvsesui;s:xeso;ﬁe
the long-standing J"H='gf‘ot‘3+ ambiguity for the 1983-keV state,
~which is.shpwn~torhéVe‘J“'é‘3+.

(d) :AﬂgﬁlarLcorreiatiOn Studiesqu'fhe reaction‘léffg,ﬁy)zzNa'wer§,
'ﬁédé~in cdllinéar'gebﬁetfy. ‘Thé.résults,'takenfiﬁréonﬁﬁﬁctibn
with dthér dafé,-impose‘lfmitatiohk on spiﬁs'éﬁdjﬁarifiéﬁ of
sévefai‘levélg,}énd oﬁ‘théfﬁixing fatidé'bf“éssbciated gémmé-fay'
'tranﬁifioﬂég “The épin?parity values aré:aSVfoiIQQSET

3" (3708)

6%, with J'$'4.reje¢ted at the 3% cconfidence leveél;

#

C IT4a069) = a%;

J"(as66) = 17, 2%, 37 or 47

Jﬂ(4522)‘ 5% or 7+,‘Witthﬂ = 4 and 6? rejected‘étwthe-S%.'

and I%VCOUfidence-levels, respectively.

,: The data obtained on spihs aqdmpgritieS‘prOVide'a‘moye‘sUbstantial .
basis than‘preyiqpsly‘existed for the assignments asguméd,in the7r6£ational-
band c15$sificaté;n of}Fig.'l.l'it has been shown‘preﬁiousiy4’22 that
intrébandfEz'éﬁd.ﬁi'trﬁﬁsikibﬁléf?éngtﬁs are ih'feaéoﬂablé”égréémént'Wifh
the predictidﬁ§ 6£“fhe;}Btétidhal‘ﬁédel. Table 4 liStsnévéiiébié informa-
;~fidn on E2 and“Mf tfansitionsaWithin the gfbund-sxate'béndQ"The'daté’are

taken® from previous compilations 2322, except that the results obtained in
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the present work are given for'the‘s;b8(6f) »;1528(5*) transition. It
is assumed for the sake of the preseht,diseuésionxthat the spin-parity -
“assignments.of Fig., 1 are correct. The 1ntr1n51c quedrupole moments Qo
.have been deduced. from the E2 strengths, and the quant1ty (gK gR) from
‘the Ml strengths. It 15 seeq that Qo is approx;mately_constant within
the band, implying'that the relative E2 strengths are in approximate .
agreement Qithlthe predictions of the rotational model. The-internali.
COnsistency_of the (gk-gR) values is onl& fair, butvthey are in reasonable
agreement with the value of (0. 056 0 012) deduced4 from the measured-:
magnetiu momentsbof the ground state and the 583-keV statc. The rotatiohaif

modelApredicts4’22

that the Eé/Ml‘mixing~ratiosjfor transitions,within

the greundastate band should be large‘and_negative,Ain agreement'with the
valuee in Table 4. The pictufe>pre$ehted thu?vfar.of general agreement
between experiment end,the ﬁredictioné of the eimple rotational mo&el'is.
‘marred by the observatlon of a substantlal branch from the 4069- keV state
(assumed J7 = 47, T = 1) to the 1528-keV state (J’r =5, T=0). Alt-hou‘gh.
the branching ratio obtalhed 1nvthe present work‘ls smaller than that
pre?iously‘reportedlg’bit etiil correspends telan Ml transition of strength
'|M|2(Mlj'; 6.03 W.u. (assuming t(4069) < 4 fsls-ahd'|M12(E2).5 10 W.u.).
Accoreing to thehrotatlonal—mode; c13551f}cat10h, the transition_woqid
~-have AT =1, AK = 3, and would.be deubly—inhibitea by the K—selection rule.
But a strength of |M|2 2 0. 03 W.u. falls within the upper half of the |
dlstr1but10n of T-allowed M1 strengths-for th;s mass reglonzs, and thus
.the-obeerved transition presents a significant difficulty for the simple
rotatiehal model. Probably thie difficulty cou1d‘be overcome by aséuming
sebstahtial mixing of other K-valuecs in the 4069-kev level, but this would
~he at the expense.of'the Siﬁpricity, and hEnce-the'attractivehess, of the

A‘modei;

Preedom and Wildenthal26 found that the shell model was able te
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acc0unt,for‘the observed "rotatiOnal” prOperties of’poSitiVe-parity
states in 22Na as a consequence of coherent motion’ among the ‘six ‘extra- core
nucleons@- Indeed the she11-mode1 results agreed with data whic¢h deviated -
from the predictions of the~$imp1e rotational model; ‘fpr'example; the
shell model .gave a better descriptiOn of the Jadeﬁendence,of éxcitation
energies ‘of levels, within' a rOtational band than'did<thefrotationa1 model.
Freeman et al.>” fonndfthat‘theirfmeasurements of Ml and Ef{transition
strengths in 22Na were in remarkably close agreementrwith:the\predictions
of Preedom and Wildenthal. From Table 4 it is clear that for the
3708{6* > 1528(5 ) f"anSLtlon, the shell-model pred1ct10ns are in excellent

agreement. with the,new_results reported in thlS paper s S B

Although the 51mp1e rotatlonal model has hadistrlklng success in
accountlng for the general features of the level scheme and electromagnetlc |
transition rates in 22Na, def1c1enc1es become ev1dent-When.deta11ed
comparlson is made w1th experlment : Such def1c1enc1es cannot be overcome.
w1thout 1ncrea51ng the complex1ty, and hence decrea51ng the aesthet1c
appeal of the model On the other hand recent shell-model calculatlons
‘d1sp1ay 1mpre551ve agreement w1th experlment Freeman et'al.2 ‘p01nt out
that’ the pred1ct10ns of the shell model and the rotatlonal model d1verge
more strongly when hlcher sp1n states are con51dered J It‘1s therefore of
great 1nterest to 1nvest1gate the 11fet1mes and decay modes of the high-spin

_members of rotat10na1 bands recently suggested by Del Campo et al. 7
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" TABLE 2

Legendre polynomial fits to the angulaiedisxribution

data for the 1400-keV gamma ray.

Ed (MeV) T o a _ E a

5.0 10.44:% 0.03 1 -0.17 % 0.04

51 0.35 ¥ 0.04 -0.20 * 0.04

I &

I+

5.2, . 0.40 + 0.04 -0.06 + 0.04

average = 0.40 £ 0.02 -~ - -0.14 % 0,03 -

* o '; PR
a, = Ai/A6 Qi’ where Q2 = 0.997 and Qi = 0.921:
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Fig. 1.
Fig. 2.

Fig. 3;

100.

FIGURE CAPTIONS

Rotat10na1 band c1a551f1cat10n of 22Na states for E "<55:Mev

Excltatlon energles (1n keV) are. taken from reference 12 for
Ex < 3 4 MeV and from reference 6 for E > 3, 4 MeV. P0551b1e:

Nllsson conflguratlons are indicated, assum1ng for each band

" that an unpalred nucleon in the 3/2 [211] orb1t is coupled

”to an unpa1red nucleon in the orbit shown.

The spectrum of gamma rays in coincidence with alpha particles

populating the 4069-keV level of 22Na. _The inset shows windows

set on the alpha-particle position spectrum. The full curve is

a line shape fit'oBcained as described“inuthe"tert: All energies
are Ain keV The 2086— and 1400 keV gamma rays arlse from the

cascade 4069 »> 1983 > 583 keV and the 2541~ and 1528 keV gamma

-rayS‘from the cascade 4069 + 1528 =~ 0 keV.

t

"GeCLi) spectra showing threshold behaviour of the,foliowing weak

gamma rays from the reaction 19F(a,ny)2zNa:

‘(@) E = 198;,kev, Eyp = 4761 keV;
(b) E, = 2211, By ='5os7;:
(). E, = 1915 B th = 5474;
(@ E& = 361, E., = 5474,

All energies shown in the diagram'are‘in keV. The arrows
indicate the positions expected for appropriate'gamma rays.

The -data have been'smoothed by a three:point~avenaging procedure.



Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.

. mixing-ratio range determined by Warburton et al.

1o01.

Angular -distribution data and x2-analysis for the 1983~ -+ 583-keV |

tran51t10n (data averaged over 5. 0 5.1 and 5.2 MeV bombardlng

. energy) and for the 1952~ +583~keV tran51t10n (data obtalned at

5.2 MeV only). Magnetic substate populations have been allowed

to vary as described in the text. The horizontal error bar on the

x24plot.for the 1952- ~» 583-keV transition indicates the
4,

 Portion of Ge(L1) spectrum of gamma rays in c01nc1dence with

neut“ons emitted at 0° from the reaction 19F(a nY)22Na at

Ea =‘11.2'MeV. The data ‘shown represent the sum of spectra
taken at 90°, 1156; 125°, 135°'and'145° with the moving
detector during the angular-correlation measurements. To
simplify presentation the4speetrum has been compressed by adding

channel contents in pairs. Transitions between states in 22Na

are identified. All energies are in keV.

Angular correlation data for the reaction ISFCa,ny)ZZNa. The
full curves represent'Best fits to the gamma-ray distributions

for various spin sequences. For small values of cos26, the

following pairs of curves are very similar, and in each case have. =

"been represented by‘a~sing1e curve: (i) 4466 » 2572, J = 2 and 4;

(ii) 4522 » 1528, J = 3 and 4; ‘(iii) 4522 » 1528, J = 5 and 7.

- Results of least squares fits to the angular distributions of

Fig. 6 for various spin sequences. Confidence levels for the'

2

X< statistic are indicated.
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PR S

(p,Y) Resenanceﬂstrengthéﬂin the:s,d_She11

D. G. Sargood University of Melbourne

When we speak of measurtng (p,y) C1oss.sect10ns, what we are- normally
measurjng are tho resonance strengths, (21+1)—B——-; of.the resonances in the
compound nucleus.

iThiS is generally dene'by measuting the,height ef.the‘step in a thicR

target yield function at‘each resonance. The resonance strength is related "

to the thick target step by the formulal)

FPFY © A :
; X = 2 2 © ©

(23+1) (rp? (D) L———th y(e =)

. o
Y .
where y(o=) = Ny . Nv/ - is the thick target step
Np Q"/e -

In this formula, the 2 is thie statistical weight of the proton,

‘ IK:TJZ is a centfe'of‘mase-factor
Ia ‘is the spin of the target'nheleus_'
.MP is the mase-of the protoh '
Er ‘ /is the resonance energy in the leboratory
EEr is the atom1c stopp1ng power of the target at the
resonance energy
‘%1- is the humber of resonance decayslper'incident proton
P : : : ,
N; is the number oE:decays actually deteeted
¥ is the total detection efficiency of the gamma detettot'
' Q' is the total_chérge‘incident on_the.tatget
e is the electronics charge.

There are three quantities here which are crucially important in deducinﬁ
.the resonance strength from the'experimentally measured step: the atomic

stopping power, the detection efficiency, and the beam current integration.

An alternative method of determining resonance strengths which avoids

~ dependence on knowledge of these three QUantities has been developed by
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';ﬁorkers a&;ﬁtreeht. ‘?hyfmeans of a }esoﬁaﬂce absQrptidﬁoiechnigeéz),jthey‘
determrne Tvanq>T¥Asepardte1y3:and_with.the proton_ehannelsthefOnlyrpartioley
.'channel open put Fp ;‘h _.fyf':'The resonance'strength is:then bui}t;up from
i:rts separate factors, asshning'the-spin J is’already knonn;‘

They haye used the resonanee absorptlon technlque to determ1ne rhe
strength of the 621 keV resonance in 30Si(p, v)31pd The method consists
of bombardlng a 30%; farget “at resonance and observ1ng the grovnd state’
V ganma transrtlon at an angle a to the 1nt1dent beam, u51ng a very f1ne1y
“collimated Nal detector, with a sample of 31P in the co]llmator to act as

absorber;.(see{figune‘l of reﬁerence )).l After account is taken of recoil

~of the enitting and-absorhangfnuelei, and DOphier shiftidne to emissionefrom
a moving souree thereJis'just one value of a for which the 31b will
'vresonantly absorb the ground state gamma ray

The detectlon of gamma rays as-a function of o (see flgures'l‘and 2 of
reference )) shows a sharp dip, the width of whleh is suff1c1ent1y greater
than the 1nstrumental w1dth for the resonance w1dth,.1; to be‘determ1ned.
(The 1nstrumenta1 w1dth had been prev1ously determlned by mak1ng a similar
measurement on the 771 key resonance in 27Al(p Y)2851, for which the
'resonance w1dth is only 9 eV )' | ) |

ThlS d1p in the -gamma ray transmission of the e0111mator was converted

. to an. absorptlon peak the area of which gives the ground state gamma w1dth

Ryo;aof the-resonance,»throggh/the‘formula

A = ! A«a'od4e L I F(no,)
o _'(’)~ ) dEy ~o
) ( .
: : T
where Aa, the absorption integral is the peak area
' 2J+1 © Yo .
9y (the resonant cross sectlon) 21%2 2 o

ARG

F(no,) = %5J‘ (1 - cxp ‘”‘EJ dx

n is the number of absorber atoms per cm? in"the collimator.
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Since I' is already found, measurcment of'Aa‘Lsfeffeotively'meaSUrement
of F(nog). A graph of F(no,) ugeinst no, is given in figure 3‘o?areference3),
using ‘which one can then find nog, and hence*fyo. - From known branching ratios

one then gets I, and the deternination of resonanoe strength is‘complete,

Y
without,reoourse to a knowledge of=any'o€‘tﬁe.three quantities on which the
thick target step method depends
“"This. method is veryﬂlimited jn'its'appﬁicability, since it

: requ1res a resonance with measurable width and a strong ground state gamma
decay mode It has been applied to only two resonances:. at 621 keV’ 1n
3°Si(p,yj31P and at 1966 keV in 26Mg(p,y)27A14),‘both.measurements being macs
by.the Utrecht group. |

To enable the use of the 3OSi(p,Y)31P meaeurement as'a stéhdard;-the .
Utrecht workers have determined a set of relatiVe sxrengthe acros$;l6”nuclei
in the s,d shell by comparing thln target yields £rom'chemica1 comoooooe targets. 
oontaining.two of the nuclei to be compareds?,,ehmethOd for wliich an ecourate
kndwledge of‘the chemical composition of the tergete is crucial. Their
network of comparisons (See'figurel3 ofbrefereﬁoes)) is overdetermined and -
shows a-ﬁigh degree of iﬁternal consistency, éndlexcelleﬁt'agreement with tﬁe
resonant:absorption meeSurement oh'25Mg(p;Y)?7A1. ‘

However, the Untrecht values are in general dlsagreement with very

careful work on thick target step ylelds made W1th elemental targets at

‘ Caltech 6) and similar measurements e1the1 made w1th elemental targets or
g

»8)

referred to measurements on elemental targets at Melbourne - These
~resu1ts are shown below.
(2J+1) —%al (eV]:' Comparison of Results
Resonance S e
Reaction @ - . Energy (keV) Utrecht Caltech Melbourne Toronto
23Na(p,y)2Mg = 512 1.05:0.16 | 0.85:0.18
2701(p,v)%8si 633 5.3 0.8  3.1:0.4 3.16£0.33
p (p,v) 328 642 0.52¢0.08 - 0.23") ©  0.2520.03
3055 (p,y) 3P 621 3.10£0.26%) 3.9310.40
Mg (p,y)? AL 1966 5.7 40.8 9.7 t1.0
. 5 5.6 +1.8") o |
'?'Mg(p,y)ZSAn R23 0.5240.08  0.8920.13¢) 0.98£0.15
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a):Resonance absorption.measurements
b) Unpubllshed

c) Deduced from 25Mg(p Y)27Al result, using Utrecht value for ratio

Recentlyla new measurement of the‘strength:of,the 823 keV resonance-
inlngg(p 7)25A1 has been~made at Torontog) by-comperrngfthe-éteo in a
thick target y1e1d functlon w1th the y1e1d ol proton> in Rutherford
scatterlng ' The .effect of referr1ng the mcdsurement to:the: Rutherford
scatterlng yield rs essentlally to remove the atomic stopplng power’ from
the calculation,. and 1t also reducés the dependence on abbolute béam
- current 1ntegrat10n by requiring only the ratlo of-the charges collected
in the two measurements, as shown by the. second : of the two follow1ng formtlae

Rutherford scatterlng glves

: g doR
Er (stcatt) o
dQ , Epe'

where gEr is theustopping power ‘at the (p,y) reeonance;energx
BE.. is'the target~thickness in energy units at the‘(p;y) resonance’energy; ‘

Q is the total 1nc1dent charge in the Rutherford scatterlny measurement;
wh1ch is made off resonance

doR . : , ) , ] R o
7dQ . is the calculated Rutherford'5cattering'crosswsection
5 -is the observed yield of scattered protons

The thick- target step: expre551on then becomes

d& ,
, r T- (. ) )
(2J+1)-E-X (—-—-—)2 (23+1) _P_L_.Y_ A 9__. ,a__ EP
T r y Q i st
e 4 € catt)
' da

“Ep,

- The Toronto’Value‘is.in°agreement within quotedVerroré'wfth the-Caltech‘
result, but in Serious;dis@greement_with Utrecht.

oy
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Since thé Caltech, Melbourne, and Toronto values- are all the result

of thick target yield measureinents, and are all in good agreement, the

possibility is very real that the disagreements are not just disagreements

between different laboratories but are disagreements between two basically

different méthods of measuring the same thing. I1f this be the case,. ‘then,

until the differences are resolved, I think we must regard all (p,y)

resonance strengths as suspect.

1)

2)

3)

_5)

6

7)
ﬁ)

9)
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De- exc1tat1on gamma rays follow1ng Photo-disintegration of" 2751 and 19g,
J. E. M. Thomson ‘

School of Physics, Melbourne University

Th1s paper presents the results of experiments in which de- exc1tat1on
gamma rays following photo d151ntegrat10n have been observed The giant
resonance of ‘the target nucleus is- exc1ted with El photons and decays by
emitting a nucleon. The res1dua1 nucleus is. left in either the ground state
or low 1y1ng excited state. . It is the prompt de exc1tat1on gamma rays from
these low lying excited states that ‘we have been observ1ng w1th high resolut1on

germonlum detectors.

We wanted to determine the change in the population of a residual state
‘as a function of energy of the giant resonance state in the target nucleus.
To obtain this information, measurements of the de'ekcitation'spectrumiwere
made for a series of different bremsstrahlung tip energies. From the relevant
peak areas the strength or Myield" of. a g1ven de- exc1tatlon'gamma ray was |
determlned as a function of bremsstrahlung t1p energy The cross section for -
neutron .reaction leading to this residual state was then computed from this
y1e1d data by using the Penfold- Lelss yield curve ana1y51s techn1que . Because
of the re1at1ve1y poor statics and very 11m1ted number of yield points the
resu1t1ng cross sections have rather poor resolutlons. None the 1ess, our :
results 1nd1cate the general shape of the true cross sect1ons as. a function of

excitation energy.

‘Alominium ‘

Figure 1 shows the de-excitation‘gamma ray spectrum following'photo-
disintegration of 27Al1. Table 1 lists the deduced energyfintegrated'cross
sections. It should be noted that whenever a level in 2%Mg is populated so
is its T=1 analogue in 2641, The cross section for veaction to the 3.587 MeV
~and 6.129 MeV levels in stg have been'shoWn in brackets. 'This is because
both these levels have cascade gamma rays of the same energy. " Hence it cannot
be established which of these levels is belng populated or whether both are.
“Note also that in general the (Y,p) cross sections are larger than the
corre5pond1ng (Y,n) cross sectlons. ‘This appears to be a general property of
the light nuciei. Attempts'have been made to explaln this phenomena in self
“conjugate nuclei by allowing isospin.mixing in the Giant resonant states.
However, there appears to be no sat1sfactory explanat1on for this phenomena

for the light nuclei in general.
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In the shell mddel discription of the 27Al ground'state’the.najor\
‘component has 11 nucleon in the d5/2 shell This 1s born out experlmentally
- by. the fact that pickup reactlons attribute nearly all the1r strength to
the transfer of an.l=2 nucleon - (Refs. 1 § 2).

Direct nucleon’piokup'neutrons on-27A1 result in states of'ZGMg and
26Al The results of these exper1ments tell us the populatlon of residual
states when a d5 /2 nucleon 1s plucked out of 274 Al. If we propose a giant
resonance exc1tat10n mechanlsm wh1ch 1nvolves the exc1tat1on of a single
nucleon, it w111 be a d5/2 nucleon wh1ch s exc1ted Furthermore, if thev
excited nucleon is emitted with little further interaction with. the nucleus
the population of residual states. follow1ng the photo-neutron should be

‘similar to the ds/2 nucleon pickup Spectroscoplc factor.

- Table 2 shows .a comparlson between our results and the spectroscoplc
factors for levels in’ stg Note that not only are the same levels populated
but there is also” a falr'agreement 1n magnltude . The one except1on is the
weak popu1at10n of the 3. 587 MeV level, but as pointed out, an amb1gu1ty exists
in our- a551gnment here The p1ckup work 1 could not resolve which of the levels
at 4.3 MeV were being populated We would suggest that it 1s the 4+ level at
4.320 MeV that has the maJor portlon of the pickup strength

On the right of the table we have ‘the spectrosc0p1c factors from the
shell model calculat1on of W11denthal et al (ref. 3.). The’ calculat1on works
quite well for the strongly populated levels. It is qu1te specific about ‘
predicting a large ;spectroscopic factor for a 4+ level at about 4.3 MeV in 26Mg
This is in agreement with our results insofar as.rt is a 4+.leve1 at thls energy

that we see most strongly populatedw

Table- 3. shows a comparlson between our results and the spectroscoplc
factors from neutron p1ckup Agaln the correlatlon is qu1te good w1th the
exception of the 1evel at 1.76 MeV. Why we get dlsagreement solely for this
. level is not.at'all clear, -Note the‘reasonably strong population of the 4+
‘level at 4.711 MeViin'ZGAl' this state being theé. analogue of the 4+ level at
4,32 MeV in stg The: shell model calculatlon3) again predicts-a large -

Spectroscoplc ‘factor for a 4% level at about this ‘energy in. 26A1

Overall it would appear"that we~have»estab1ished‘fairly good oorrelation
between the reported 1ntegrated cross sections and the spectroscoplc factors

determined from. nucleon ‘pickup.
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Flgure 2 .shows the deduced cross sectlons -as a functlon of energy
A smoothed version of the ‘total (Y n) cross sectlon is shown for comparlson
in the top right. The most 51gn1f1cant feature about the. cross sections ‘to -
various residual states is that ‘they .do not d1ffer dramatlcally from that of
the total (y,n) reaction. " This 'is consistent with the’ proposed model "in so
far as any gaint resonance state is formed via the exc1tatlon of a single
d5/2 nucleon and that the populatlon of residual states is solely by the’

spectroscoplc break-up of the add1t10na1 d5/2 hole amongst the residual states.

Fluor1ne )
The study of !%F is interesting because of the fa1r1y strong photo-'
alpha reactions leading to the positive par1ty states at 5.3 MeV in !°N.

Table 4 shows the integrated cross section for neutrons to various residual

states. The the left is shown the results of other experiments.

The integrated cross sectlon up to 29 MeV the ratlo of (v, p) reactlon
..to (y,a) reaction is about 10 to 1. 1In contrast the 1ntegrated cross sectlon '
to 14 MeV of Shlkazono et al 5) g1ves the (Y,p) and (y,q) reactlon roughly equal
.‘strengths This suggests that whereas the (y, a) reactlon is small compared to
the total (v, p) reaction, 1ntegrated up to 29 MeV at lower energ1es ‘they

_become comparable in size.

. Figure 3 shows. the deduced .Cross section as a function of.excitation.
energy. As anticipated the (y,p) cross sectlons to states in %0 have their .
Jstrength spread throughout the whole giant resonance region whereas (Y,a)
reaction have their strength limited to a fairly narrow resonance accuring
at 16 MeV.

‘The overall large size of these (Y,a) reagtions suggests an electric
dipole phenomena One‘possible process would be the direct excitation of an
alpha - particle cluster present in. the 19F ground state.. In other words the
‘photon is absorbed through the dipole moment set up by the effectlve charge

of the alpha cluster. The effective charge of the alpha particle is given

2(N-2)
A ) .

charge would suggest that this process is far too weak to account for -the

by - € = An order of magnitude calculation using this effective -

"~ abserved (Y,0) strength.

An alternative mechanism that should be considered is that the reaction.
~proceedes via the excitation of a single nucleon. The particle-hole state.
so formed is sufficiently long lived so as to allow further interactions .

within the nucleus and the subsequent emission of an’ alpha particle.



. To zero order '°F may be considered as a closed 16O core W1th on
'54add1t1ona1 3 nucleons -in the dS/z orbital. The react1on may proceed by the
,»promot1on of a single nucleon from the 1P1/2 shell to the 2s- -1d shells Before
jhe exc1ted nucleon can be em1tted it interacts strongly W1th the 3 rema1n1ng
.nuclel in the 1p1/2 shell _An alpha group is formed and. em1tted The '
ﬁre51dual nuclei is left hav1ng a conf1gurat1on of four holes 1n the lpl/z shell
'and 3 part1cles in the ldg/7 shell. Such a 3- part1cle 4 hole conf1gurat1on
is required to describe the positive parity states in N wh1ch are seen to
'~be strongly populatéd’following'the photo-alpha neutron (ref. 6.). Detailed
fealculatlons on -the basis of this model are underway 1n th1s department, but

as yet no conc1u51ons can be drawn .as to its va11d1ty
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INTEGRATED CROSS SECTIONS FOR REACTICNS LZADING 7O VARIOUS RESIDUALS IN 2%, AND'Zéﬁg.
o Pyg 71 | R o o
o Gamve . (Chraaede
B ;& folapr)de g G o (o@nryJde
< | . - . i
‘ Mw—mb/;,_ , R me{l.’,‘"“."/Sr.
1759 25 0.36%0,07
180 1" 005
- : : , 2069 - 3 - T - 07
1809 2t . 2.0080,3 . . .2.070 2'p=1. 10,9203
- o 2022 1 NoO.
235 3°  0.50%0,1
2.545 - 3 0.60%0.1
2,661 2tst 0.17£0,0k
2.939 2 . 0.7420.15 3,159 2'T=1 . 0.38%0.05
) 3,405 5" o 0.09%0,04 3
3.587 0" . (0.3270.1) 3.745  0'1=1 N.O.
4,320 4 147505 k710 (WTT=1)  0.3240.05
4,333 (2%, L 0.25
4,350 (31) 0.740.2
k901 (2,3,8)" 0.23

6.129 (2 (0.37%0.13)

-

Al1l. cascades from observed states heve been taken into account,

TABIE 1.
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A COMPARISON BETE‘EN-LEVELS'POPULATED IN héﬂg FOLLOWING PHOTO-PROTON EMISSION
'FROM °7A1 AND SPECTROSCOPIC FACTORS FROM PROTON PIGKUP. ON 27A1.

26 ' ' i

Mg ( T=1 ). o . : : . ,

X ) - ez e - S
" MeV. ,'2?A1(d,3ﬁe)_r_ . - Shell Model (c)

(2) o o ‘ﬁ;< () o .”_, (vd5/2;;;2s%.y. '
ney ™ e s

2.939 j2 ; W32 o .19 _ :  - .29

V3;587 ot £;15)'  o o . L

_3;9h2-' S X . o o 3,"f

k30 4T ) |

h333 (2 L2y 15 e T 18 (D)

bso (3D )
L.835 2% 28
o = 37 536 1 ' R .02
4,910 09 ) ’ |
5.292 (2% N.O.
6.125 (2D ( .18) 12
in & Hardell ZMa(n.d) N o aaza (4BEaY
(a)  Selin & Hardell “~Mg(n,¥) Nuc. Pnys. 4139 (1969) -375.
(b) Wagner et -al. Nuc. Phys. A125.(1959), 9?"
(¢)  Wildenthal et al. Fhys. Lett..B36 (1968) 692

** Normalized Here..

TABLE 2,
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A COM PARIbON BETWEEN LE GVELS PODULATED IN 26Al ?OLIO:IN” PHOTO- NEUTQON mMISbION
. FROM 27Al AND SPECTROQJOPIC FAQTORD FROM NzZUTRON- "PICKUP ON 27A1. :

2644 . o . S

B ta) 9" [‘?’6(.'_).'&5 s (a), - ®s. (a) sy
: o . %M1 (e, ) Nilsson " Shell Model

0.228 0" T=1 B 0.4 o

0.418 3t §g . 0.12 |

1,058 1* o 0.3

1.759 2" 0.19 0.02 0,01

" 1.850 1t 0.0% 0,02

2,069 4 2.09 o | | ”
2.070 2* 1= 39.50 0.50 - - - 10.30 038
2.072 1t - b " o S
2.365 . 3" 0.27 0.2 . 0.13
2.545 3 0.32 0.3 .

2.561 (2,57 - 0.09 . -
2.0 17 - -
2.913 o - : -

3,074 - - - _ _ . .
3459 - 2Y1e1 0.2 0.0 . - o oaan
3.405.  0.05 - 0.08 | |
3,507 | - -

3.594.  (2,3)° - - |

.47 - (2,37 o - " 0,14 0.01

3,719 - -

3,745 M P 0.02.0.92

3,918 ‘ - - =

3.950 - 0.08 0.03

4,911 whyT=1 - 0.17 o8 0.06 0.9

~(a)  Betts, Fortuna and Pullen. Phys. Rev.  C8(1973) 570"
(b) !11dentha1 et a.l . S

- “Normalized here.

TABLE 3,
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INTEGRATED CROSS SECTIONS FOR PHOTO—DISINTEGRATIONS OF lgF LEADING

9% (y,n)

0.936
1.04
1.08
3.059
3.135

19 (y,p)

- 1.98
3.63
' 3.92
.4;448

9 (¥,

5.27
5.27+5.29

TO. EXCITED RESIDUAL STATES

18.%

18,4

W N O',N+__

N

(5/2)*
(45" +5/2")

JVdE - = 27&f
dJL _ ';:'”'

MeV-mb/sr.
This Work:

1.7 $0.4  ;1.25:‘2
| 1.0+0.3 . - >"d'..45 N
- 0.28£0.15 e

~weak . -

weak R -

1.880.2  L.75
0.93+0.2. - 0.90

weak -

o ! ‘+6;03 3 -
0095192 .

0.33340.13" - '0.75

Allebserved cascades fakgn~intp éccount.

© TABLE &,

MeV-mb/sr._,s-
Thomas et al

‘Rel Unr

'_¢Sh1kazono

Kawarsak

158+10 .
© 38+11
20410

7142

18446
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ABSTRACTS

G. B. YAﬁKOV (Kurchatove Atomic Eneréy Institute('USSRy’
| - Secondary Gamma-rays Emitted after Interaction of
Neutréns with Air |
Aihumber of feactions such as (n,h'f), (n,ay), (n,dy) can occu;
és heutfoﬁs interact with nitrogen, oxygén and ﬁydrogen in air.
Inconsistehéies exisf in the vafious cioss sections leading to errérs
of betwéen 50 and loo.per'cent in calculation of thé secondary gamma

ray spectra.

B. M. SPICER (Melbourne University)
- Recent Photoneutron.Cross Section Me&surements
Recent precision measurements of the photoneutron cross sections
of 45sc, 18lra ang 208.Pb. Their relatioﬁship-to; and inﬁerpretation
"in terms of inelastic scatfering éxpeiiménts withnelecérons, p;otons

and deuterons on 18lma and'zoePb targets will be discussed. The 455¢

results will be discussed .in terms of isOspin effects.

B. ROSE;(UKAEA, Harwell)

} - Non-statistical Effects in Neutron Qaptﬁre in 23Nb and i°3Rh
A'search has been made by.T. Haste and B. Thomas at Harwell fprv
non—sfatistical effects iﬁ partial radiation Qidths fo;lowing’néutfon~<l
capture in 33ﬁb and‘ioaﬁh in the neutron energy ;ange.up to about 5 keV.
The only significant correlations.6bserved"have been with the widths of

d-p transitions to the same final states.



