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THE COMPLEMENTARILYBETWEENNEUTRONCAPTUREAND HEAVY-ION

REACTIONSIN NUCLEARSTRUCTURESWJDIES

O.W.B. Schult

InstitutftirKen~physik,Kernforschungsanlage Jiilich
and

Los AlamosScientificLaboratory,Universit}-of California

INTRODUCTION

For the studyof tho structureof atomicnucleia greatvariety
of methodsare employed. In the experimentalfield,the spectro-
scopyof radioactivedecay,the spectroscopyof the radiationfol-
lowingneutroncapture,conventionalreactionstudieswith light
chargedparticles,investigationswith heavy-ionreactions,high-
resolutionelectron-scatteringexperiments,photonuclearreaction
studies,reactionswith unstableparticlesat high-energyaccelera-
tors,and opticalmethods,in particularwith lasers,1, yield a
wealthof data which containinformationaboutnuclearstructure.

The areasof currentinterestare continuallywidening. Qual-
itativelynew and very interestingaspect#) have recentlyshownup
in nuclearregionsfar from stabilityand in processeswherenuclei
are under extremoconditions,as e.g., in statesof very high al~gu-
lar momenta.3) Of course,detailedstudiosof certainnuclear
phenomenahave necessarilybeen restrictedto nuclei in or near the
valleyof sta!)ilitybecauseof experimentallimitations. Studies
of fission,of giant resonances,of the nuclearchargedistribution,
of nuclearcollectivityat high spinsPof the propertiesof high-
lyingstatesin termsof the couplings) betweenthe elementary
excitationmodes observedat low energyare a few examples.

In what follows,I brieflydeal with neutroncaptureand henvy-
ion reactionswith emphasison the aspectof their complementarily
for tho studyof nuclearstructure, The nuclearlevelsof interest
are limitedboth with respectto excitationenergyand angularmo-
mentumas indicatedin fig. 1.
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Fig. 1. Regionof statesthat can be populatedthroughheavy-ion
inducedreactions(HI)andslow-neutroncapture(n,y). The actual
HI populationdistributiondependson the type of heavy-ionreac- .
tion.5, The (n,y)populationis in generalwell understood) on
the basis of the statisticalmodel.

Unually,the (njy)reactionpermitsonly the studyof states
‘withlow spins up to ~ 6h. In exceptionalcases,where the targets
have spins > S1’1such as 176Lu (7-)or 180Ta (8+),stateswith higher
spin can be studied,7$8)Also the studyof y-raysfollowingneutron
capturein 11/2- isomerscan providesuch information.9, Heavy-ion
inducedreactionscan, on the other hand,

,.lead :o,thcp~pul~~;on
of stateswith angularmomentauplO) to the Ilmltlngspins.
Slow and resonanceneutroncaptureresultin the excitationof low-
spin statesup to about 10 MeV. In a heavy-ionbombardmenta broad
regionof levelsis excitedwith energiesof the orderof 10 MeV
above the yrast line but with very littlepopulationof’low-spin
states.

Neutroncaptureand heavy-ionreactionsthereforeyield com-
plementarysets of data which allow a more comprehensivestudyof
nuclearstructurephenomena. Becauseof limitationswith respect
to the availabilityof targetsa pnrtlmdar problcmmust ofton be
studiedin differentnuclei. The complementarilyis perfectin
caseswhere a nucleuscan bc reachedboth in neutroncaptureand
througha heavy-ionreaction. An exampleof this kind,where the
interretationof the resultsfrom a heavy-ioninducedy-ray

!’
3

study2 hus found significantsupporttlmough[nJy)spectro-
scopy,l) has alreadybeen discusscd,14)



SPECTROSCOPICMETHODS

l%e in~estigationof the structureof an atomicnucleusre-
quiresdetaileddata ot its levelenergies,theirspinsand pari-
ties, the matrixelementsof the transitionsconnectingthe excited
states,their momentsand informationabout the nuclearshape.

The spectroscopyof the y-radiationand.conversionelectrons
followingslow-neutroncaptureyields a greatwealthof information
aboutlow-spinstates,in particularbecauseof the qualityof the
data,which normallyis much higherthan in heavy-ioninducedy-ray
studiesand which in favorablecases allowsthe observationof very
weak inter-and intrabandtrarLsitions15)that are essentialfor nu-
clearstructurework. Detailed(n,y)spectroscopyon targetswith
high crosssectionspermitsthe determinationof a fairlycomplete
schemeof the low-spinstatesup to an excitationenergyof about
1.5 MeV. The complementaryheavy-ioninducedy-raystudiesnormally
allow the observation,ofstatesup to a spin of the order of 20h in
a very narrow energyband above the yrast line. The detectionand
studyof hi her lyingstateswith spins> 10h is usuallyquite

fdifficult.l ’18)

A unique feature{,ithe (n,y)work is the possibilityof meas-
uringprimaryy-transit.i)nswhich directlyyield the energiesof
excitedlevels, Such transitionscannotbe isolatedin (HI,xny)
work. However,in specialcases,even for x = 2, carefulmeasure-
nlentslg)of the excitationfunctionsclose to the barriers(see
fig. 2) yield very usefulinformationabout levelenergies.

The determinationof spins in neutroncapturefrequentlyre-
quiresthe measurementof angularcorrelationsof the y-rays. In
in-beam(HI,xny)spectroscopythe alignmentof the evaporation
residueswith respecttu the bean?”)allowsspin assignmentswith
the aid of sim~le,one-dimensional’measurementsof the y-ray angu-
lar distribution. Such measurements

}

learlyshow e.
d l-2!ij’

chat the
spin of the first excitedstate in 12 Gd&2 is 3-,

Informationabout transitionmntrixelementscan be gained from
the branchingratiosof the assigned(n,y)transitions,Absolute
valuesrequirethe knowledgeof lifetimeswhich aro difficultto
obtainin a delayedy-y coincidencemeasurementfor t~/2+ 1 ns.
Here (HI,xnY)measurementscan yield the necessarydata throuh

~4-26]recoil-distance#3)or Dopplershift attenuationmeasurements,-
The range of measurablelifetimeshas been considerablyextended
throughthe applicationof the so called“inverse”reaction27)where
a heavy projectileis used for the bombardmentof a light target,
In this case one obtainsvery largeDopplershiftspermitting



4

10

*O

1

0.1

,,, ,
2’2 2’3 2’4 2’5

Ea(MeV)

7--

5-.,

3--

o*-

=2962 keV

— 26s9
Sk

f

2611

*
*

{

2
. <1

1971

‘“S 1579

&l

o

Fig. 2. Excitationfunctionsfor the 144Sm[a,2n)-reactionnor---
maiizedto the 1660keV 2+ -~0+ transitionin lu~smexcitedthrough

(a,at). The numbersabove thearrowsin the lowerleft of the figure
are the energiesof thel.evelsfed by y-rayswhose energiesserve
as labelsot.the excitationfunctions, These data yield the posi-
tionof the 2+ levelin 1+6Gd.

lifetimesas short as - 90fs to be measured.27, Furthermore,with
the use of a deuteriumtargetone can studythe reaction%(A,pY)A+l,
where the heavy-ionbeam consistsof the isotopeA. This reaction
is the inverseof the (d,p)processwhichyieldsvery valuablein-
formationcomplementingthe (n,y)data.28) A considerablereduction
of the backgroundis achievedin the 211(A,py)study throughthe
measurementof the y spectrumin coincidencewith the outgoing
protons.27)

Heavy ions can also be employedfor measurementsof magnetic
momentsor quadrupolomoments. ‘l’heion-i];lplantationperturbedangu-
lar correlationtechniquein conjunctionwith the (160,4n)reaction
has served for the detorminationof g-factors.29) Observationof
the reorientationprecession30)has allowedthe determinationof
quadruple momentsof excitedstates31)in 103Rhby Coulomb
excitation.

Anotherpiece of informationthat is of interestin nuclear
structurestudiesis the sign of the nuclearquadruple deformation.
The sign can be determinedthrough(a,a’y) correlationmeasurements.
The resultof such work32]SI1OWSthat 24Mg is prolate, Similar
studies33)demonstratethat 2%i is oblate,
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The (n,y) reactionis a tool for
low spin. The nucleusin the capture

the excitation
state is “hot”

s

of levelswith
and “cools”by

means-ofthe de-excitinqy-ray c&cade which mainly affectsthe in-
ternaldegreesof freedcmof the nucleus. In (HI,xny)reactionsthe
evaporationresiduesare generatedseveralMeV above the yrast line
in statesof high angularmomentum. Coolingthus occurs as the popu-
lationapproachesthe yrast line, on which, in the case of exclusive
rotationof the nuclearpotential,the nuclei shouldbe corlsidered
as “cold.” If decouplednucLeons34)contributeto the angularmomen-
tum, this simplepicturelosesits validity. Thereforecare should
be exercisedin the interpretationof yrast statesespeciallyin re-

f
ions where nucleiexhibita closedshell characterlike 146Gdand
47Gd.35) Conventionalyrastplots based on the level schemesshown
in fiig.3 appearquitenormal. Approximatebackbendingplots,how-
ever,show extremedistortions. They are not suitedas a basis for
the nuclearstructurediscussionof the levelsof 146Gdand 147Gd,
which can be w:ll understo~d35)in the frameworkof the shellmodel.
A detailedunderstandingof the nuclearcoolingat large angular
momentais of considerablecurrent

T1/2.&ns<20~mo __

~

----- . .

:.
%

-- ----- --
q
~

{
6.49,1 16”

-.. 10”. 6* Ibasm
. . . 6!20.3 -

y:; :

— 15.
‘- IJ

70*ab’lllsm{ — 14”

‘z

13’

-...
10’ .2’ lbb~m /

f-$
s35fJ9 ~ 12.

11”

-— nhvi d-ill
z

!s79,3
●CO 1. 1

-1-’”

L
— 0“

interest.

TI ~.wns
%99.6

x.

< 49/2
339.@
Z.-h ----

i=-

05.3

6470.9

$-

3&orJ

0

(vi 13/2x lo+)

v f 7/2Mlo”
vf?\~ucJ-

Vt?/2118-

V,f?/2RT-
VI 1]]2x 3-
vf?/>ny

v iql

V f T/2

Fig. 3, partiallevelschemes35)for 146Gc1and 147GcI,



6

NUCLEARROTATIONAND COUPLISGOF NUCLEONSTO THE CORE

,

The rotationalbehaviorof nuclei in statesof low spin has been
investigatedin a greatnumberof studies. In many casesuse was
made of the (n,y)reaction,as e.g., in the caseof 164Dy,where the
y-vibrationaland octupolebandswere studied,36in the investigation
of the groundstateband and y-bandup to 1=8 and of the Coriolis
couplingof two quasiparticlebands in 168ErsT)and in the studyof
the qualityof the rotationalbands in 177LU07)

For the investigationof the nuclearrotationalmotionat high
spin,heavyions are neededand y-ray spectroscopyis carriedout in
beam after (HI,xn)reactionsor Coulombexcitation. Such studies
have providedinformationaboutyrast stateswith spin up to
- 24h,38)about K-isomers,39)aboutbackbendin,40)and about the

4?nuclearmomentof iner~iaat very high spins. )

In the re ion of well-deformednuclei the detailed(n,y)
5study42)of 16 Yb has provideda largeamountof informationabout

the low-spinmembersof x 15 rotationalbands. Throughcomplementary
(a,xny)work43)the high-spinmembersup to I ‘25/2 of the rota-,
tionalbands built upon the ]633tl,1521+1,and ]512?]orbitalshave
also been observed. The complementaryinvestigationof even-even
deformedrare earthnuclei is limitedby the availabilityof targets.
Reactionsinduced.by heavy ions lead to neutron-deficientnuclei,
which, in general,are inaccessibleto the [n,y)reaction.,although
in a few cases the samenuclei can be reached,e,go, by (a,zn) ancl

(njy).

A very high degreeof ~omplementaritybetween(n$y)and HI re-
actionsis achievedif Coulombexcitationby heavy ions is employed.
After the developmentof this tool into a powerfulmcthod,44)it has
been refined45)and appliedfor the study of high-s in statesin

inuclei as neutronrich as 16’+Dy(seefig. 4) and 16 Gd.47) For
these st:’clies208Pbprojectileswere used with energiesbetween4.7
and 5.3 MeV/anu. Stateswere observedwith spins UF to 1=22 and 24,
respectively,and theirenergiessuggestthet t?~csenucleihave a
quite pure rotationalstructure. The motivation48)of this work,
the Coulombexcitationstudyof lighterisotopesof Dy and Gd and
(1{1,xny)studiesemploying“inverse”reactionslike 26Mg(136Xe,4n)
158Dy,was the determinationof B(E2)valuesfor the transitions
betweenthe high-spinstatesin order to shed light4g)on the causes
for backbencling.The use of the inversereactionhas considerably
facilitatedthe recoil-distancemeasurementsof lifetimes,and the
!3(E2)values obtainedrule out a secondaryminimumas causeof the
backbending. B(E2) valuesof the ground-stateband levels,e.g., in

164Dy,have also been determinedusing Coulombexcitation,employing
a Dopplerbroadenedline shape techniques) and also the recoil
distanceDopplershiftmethod.51)
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Fig. 4. Levelschemeand rotationalband structureof 164Dyas
obtainedfrom (n,y)36) and Coulombexcitationq6)studies.

In the transitionalregionfor 84 <N < 90 complementaryexperi-
mentson the even-evenSm isotopeshave been carriedout throu]ll

k,(a,xny) studies52$53) throughCoulombexcitationwith 160 ions “’55)
and throughnelltroncapturey-ray spectroscopy.56) Studiesof such
nucleiare of considerableinterestin connectionwit]lthe Inter-
actingBosonmodel.57) An exampleof complementarywork on an odd-
A nucleusin this transitionalregionis the hi h-resolution(n,y)
spectroscopy58#59)and (a,xny)studies !60) of 1 lSnr.

Very littleis known aboutodd-oddnuclei in the trtinsitional
regionmentionedabove. ‘I’heavailabilityof suitabletargetshas
limited(n,y)spectroscopyto ls~Eu, and an enormousamountof data
has been obtaincd61)about.this nuclidebecauseof the favorably
high [n,y)crosssection. The studyof the levelschemeof 152Eu
is interestingfor two reasons: first,to determinewhether 152Eu
exhibitswell developedrotationalbands,and secondto determine
in which way the angulurmomentaof the odd proton and odd neutron
couple62)to form high-spinstates. For the latterreasona (llI,xny)
studyof this odd-ocklnucleuswas clearlydesirable. It turnsout,
however.that such a stuclyis quite difficult. One reasonfor this
is the fact that the availabletargetsrequirea Li beam which im-
plies that the y-ray spectrumfrom the reactionof interestis di-
lutedby the spect~m fromparasiticprocesses.63) For the maxi-
mizationof the inputangularmomentumanclbecauseof voltagelimits
the lS%l( Li,4n)reactionwas chosenat a beam el~ergyof 36 MeV for
which El,laxshouldbe firound17h. The seconddifficultyis the
excepticmallyhigh leveldensityin 152EU, eyen at low excitation
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ener ies, where 36 excitedstateshave been observedbelow 225
8keV. 1, In spiteof the predominantpopulationofyrast states,

wnich simplifiesthe y-spectrasomewhat,the (6Li,4n]y-ray spectra
are expectedto consistof very many linesin accordancewith ob-
servation.64) Finally,the particularenergiesand half-livesof
the low-lyingyrast statesdepictedin fi

%“
5 impedethe measurement

of y-ray coincidences.The preliminary(-Li,4ny)study64)has
shownthat the populationof the 8- level”5)amountsto 21% of the
totalfeedingof both states,at S9 keV. This feedingof a level
with 1=8 is only aboutone thirdof the normal.populationof the 8+
stateof the yrast band in a deformedeven-evennucleusunder similar
reactionconditions.63

2
‘ilissuggestsconsiderablebranchingof the

yrast transitionsin l“2Euand makes its (HI,xny]spectroscopyvery
difficult.

As y-ray spectroscopyfollowingCculombexcitationof the ra-
dioactive152Euis impracticable,the alternativemethodof inelas-
tic protonscatteringhas been employed66)for the studyof its
groundstateband. The obser-edprotonspectrumrevealsavery
well-developedband up to the 7- state. This, togetherwith cal-
culations67)based on the electromagneticdata,61)shows that the
groundstateof 1521!uhas a very good approximationto the config-
uration [IT1413+l+ vISOS+I]K=3and f?*0.28.66) Obviouslyit is
the 150S41orbitalwhich stabilizesthe deformationin 1S2EU. A
much mere detailedknowledgeof the structureof this nucleusis
of considerableinterestin the li ht of a recsntproposa168)of

fthreedistinctshapesexistingin 51EU.
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A lighterodd-oddnucleuswhich,becauseof its largelyunknown
structure,has been studiedby the complementarytechniques(HI,xny)
and (n,y)is 104Rh. In a coincidencemeasurement69s10)of y-rays
followingslowneutroncapturea 43-ns isomerwas observed,which
in view of its mode of decay shouldhave Im = 5- or 6-. The popu-
lationof the isomerthrougha cascadeof three low-energyy-ray
transitionswith nearlythe same (ri,y)intensitysuggestedthe
presenceof a specialstructurein the levelsinvolved. Further-
more, the relativelylargeisomerratio can only be understoodif
the feedingcascadeoriginatesfrom a ;evelwith ratherlow spin,
becausethe capturestatehas Im = 0- or l-. In order to gain addi-
tionalinfwmation about the isomerand aboutyrast statesin 104Rh,
the ‘00Mo(7Li,3ny)reactionwas studied70)at 27 MeV. The strongest
linesobservedwere thosedepopulatingthe isomerwhose lifetime
couldbe confirmed. A populatingcascade,differentfrom the (n,y)
cascadeand consistingof five y-rays,was found. The (7Li,3ny)
and (n,y)data suggestthe tentativelevelscheme70)shown in fig.
6. The upper levelsmost likelyconstitutethe m[gg/2)-~vhll/2
multiplet,with its high-spinbranchformingthe yrast cascateand
the low-spinmembersgivingrise to the (n,y)cascadewith its pro-
nouncedstructure. The structureof the other low-lyingstates in’
10’}Rhis the subjectof currentresearch.71)

693!
1:o-“Rh+n ~----- ----- -
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‘31h(n,y)’0’Rh ‘wMo(7U3ny)mRh

17,el-

(6,71-

Fjg. 6. Tentativepartiallevel schemeof 104Rhobtainedfrom
(n,y)and (7Li,3ny) singlesand coincidencedata.70]
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Complementaryspectroscopyhas been carriedout of the nearby
Ru isotopesfor the investigationof the couplingof the valence
neutronto the core. Extensive(n,y)work72)has led to the estab-
lishmentof a fairlycompletelow-energylevelscheme of 105Ru. h

all four orbitalsd5/2, sl/~, g7/2,and d3/2 contributeto the posi-
tive paritystates,the structll.~eof thesestatesis expectedto be
very complex. This has so far preventeda successfulinterpretation
within the frameworkof existingmodels. The negativeparity states,
however,shouldresultonly from the couplingof the hll/2 neutron
to the 1G4Rucore, sincecore-excitedstateswith negativeparity
are not expectedbelow- 2 WV. As is shown in fig. 7, the energies
are knownof stateswith spin Im = 11/2-,15/2-,and 19/2-,observed
in 103Ruin the (a,ny

i
reaction.73)Theselevelscan be envisaged

as a decoupledband.3 ) Such an interpretationof the 11/2-state
in 105Ruwould implyprolatedeformationof the core and suggestthe
occurrenceof negativeparitystateswith low spins and corresponding
excitationenergies. Deformationparametersof B2 = +0.27and y = O
are obtainedfrom Coulombexcitation74)of the 2+ state at 358 keV
in 104Ru. This 2+ energyservedas the basis for the calculation75)
of the low-spinnegativeparitystates in 105Ru. Figure7 demon-
strates,however,that the observednegative aritystateshave con-

{siclerablylowerenergiesthan thoseexpected7) for a particle
coupledto a rigid rctor,a modelwhich explainsthe positionsof
the 11/2-,15/2-,and 19/2-statesin 103Ruquite well. A similar
discrepancyis known to exist in 15%%. Obviously,to obtaina de-
tailedunderstandingof these low-spinnegativeparitystateswill
requirea more realisticdescriptionof the couplingof a particle
to the dynamiccore of a transitionalnucleus.

2“ .t75—.
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~~~
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Fig. 7. Comparisonof the observed72)and expected’s)negative
parity statesin 1051VJ.
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The discussionof the negativeparitystatesin ‘05Ruclearly
demonstratesthe necessityof the investigationof excitedlow-spin
Jtates,which can be studiedin radioactivedecay and through(n,y)
spectroscopy.These low-spinstatesare nonyrastlevelswhich con-
tainessentialnuclearstmcture informationthatunfortunatelyis
not as easy to extractas in the case of high-spinstatesbecause
of the largermixingof the low-spinlevels. Also the interpreta-
tionof the backbendingphenomenoncouldbenefitfrom information
abouthigherly ng low-spinstateswhich mightbe membersof bands
whosehi

P
-s~lnstatesare seen in [HI,xn)reactions. Very little

is known 6, aboutsuch statesso far, and studiesof nucleiwhich
can be reachedthrough(HI,m) reactions,Coulombexcitationand
(n,y] would be very helpful. A few f-p shellnucleiwhich can be
investigatedthrough(n,y)and [HI,xny)-reactions~ect~:oscoy and

7where
&
a,xny)data are alreadyavailableare 71Ge,’7)‘~5Se,8, and

77Se.7)

TIE-EXCITATIONAND STRUCTUREOF HIGH-LYINGSTATES

Limitationsin our instrumentalresolutionand techniqueshave
preventedthe exhaustivestudyof leveisin heaviernuclei above
- 1.5 MeV for low spins and beyond I - 37he0]on the yrast line.
Informationabouthigher-lyingstatesis very difficultto obtain,
and in generalonly some kind of averageddata are availablelike
strengthfunctions,al) an averagedg-factor29)and the y- ray mul-
tiplicity,the averagenumberof photonsemittedin the reaction.

Such multiplicitymeasurementsin the (n,y)processwere car-
ried out many years ago,82-84)and theyhave servedfor the explana-
tionof isomerratios,85) for the determinationof the spin cutoff
coefficient86)in the nuclearleveldensityformula,and they con-
fixm the statisticaldepopulationof high-lyingstates. Calcula-
tions87)of the (n,y)spectrumand the multiplicityhave been per-
formedeven recently,which shows that there is still interestin
suchdata. Informationabout the speedof the primarytransitions
in the (n,y)processcan be obtainedfrom the known y-widthsof the
low-energyneutronresonancesand theirstatisticaly-decay. In
heavy-ionfusionreactionsthe lack of informationabout the y-
widthsof high-lyingstatesnecessitatesstatisticalmodel calcula-
tions,88)which arc basic f~r comparisonswith experimentaldata
and which are complementaryto the (n,y)calculations.After a.
firstrlultiplicitymeasurement8g)in (HI,xn)reactions,such studies
have been undertakenby variousgroups90-95)in the past few years,

Thesedata yield informationabout the angularmomentaof the evap-
orationresiduesprior to their y-decay,aboutangularmomentum
limits,95)the nuclearmomentof inertiaat very high spin,g6)and
the y-ray cascade.g7)
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The investigationof individuallevelsseveralMeV above the
yrast line is extremelydifficultbecauseof the inadequateexperim-
ental resolution. An exceptionis the (nres,y)reactionwhich
~erveslike a microscopefor the selectionof individualstatesjust
above the neutron-bindingenergy. At time-of-flightarrangements,
effectiveuse can be made of neutronswith energiesup to - 300
keVg8)so ‘hat statescan.be studiedin a reasonablybroad energy
window. In caseswhere the neutroncapturestatehas a very com-
plex structure,its decay agreeswith the statisticalmodel, in ac-
cordancewith Niels Bohr’scompound-statepicture. Deviatiol~sfrom
such a modegg$loo)of decay indicatethe pr~dorninanceof special
structuresin the capturestate. Such structuresare the subject
of detailed,currenttheoreticalwork.lol) Extensivemeasurements
of primaryy-ray spectrafollowingslow-and resonance-neutroncap-
ture have shown that such deviationsoccurin severalregionsof
the nuclearchart,where e.g. channelcapture102)(Jrthe valence
neutronmodellos)roughlyexplainthe observedpartialwidths,loq)
Studiesof y-spectrafrom 24-keVneutroncapturein even MO iso-
topes105)provideevidencefor othe: simpleprocessescontributing
to the capture,and it is likelythat the presenceof threequasi-
particlecomponentsin the capturestatewave functi,ons106)arc the
reasonwhy the va~encemodel.does not quantitativelydescribethe
observation. Other data98)obtainedon the titaniumisotopessup-
port the dominanceof single-particleeffectsin neutroncapture
and supportthe presenceof 2p-lbstatesin additionto the valence
neutron. It has thus been successfullydemonstratedthat the

%%l)states
reactionis sensitiveto the wave functionsof such highly

The determinationof the amplitudesof theircom-
ponentsis, ho;vevcr,stillvery difficult.

Photoexcitationof high energyy-raysproducedin a very intense
[njy)sourceis anotherproccssfor studyinghighlyexcitedstates
in stablenuclei.107~108) In p}wtoexcitationone can determinethe
spin and parityof the excitedlevel,the strengthsof primaryEl
and Ml transitionsand sometimesmixingratios,and one also obtains
informationabout the nuclearleveldensity,which is of consider-
able interestin connectionwith the problemof the disappearance
of shell effects.log) In thesest~]dics,the inciclcnty-linescan
directlyexcitehigh-lyinglevelsthroughrandomoverlap,or the
energyof the incident(n,y)line can be variedby up to - 1 keV
throughnuclearscatteringwhich allowshigh-resolutionwork, or
it can bc variedby up to - 5 McV throughComptonscatteringwhere
the resolutionis typically- 175 kcV. A resolutionof 70 to 100
keV has been obtainedwith Bremsstrahlungwhen the eventsof int-

erest were recordedin coincidencewith the radiatingelectrons.no)
At such facilitiesa resolutionof<10 keV seemspossible.lll)
High resolutioncan be rnuintainedand an energyvariationl+~rgor
than that from the (n,y)reaction(typically10 to 20 kcV for ob-
servationanglesbetween0° and 180°)can be achic?veclif the inci-
dent photons are producedin the complementary(p,Y)reaction,l’2)
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Such data are even more suitedfor comparisonwith the averaged
valvesobtainedlol)from a semi-microscopiccalculationof radiative
strengthfunctions..Using targetnucleiwith A~44, one now has
available~ls)about590 y-lineswhich can serve for the excitation
of practicallyall levelsbetween6 and 10 MeV. For resonance
fluorescenceexperimentsuse can be made114]of the cinematically
bro’dened,- 130 keV wide 6.92 and 7.12MeV linesfrom the 19F[p,ay)
160 react-on at Ep * 2 MeV,

Informationabout the structureof statesat intermediateand
high excitationeuergiesis also of interestin view of recentpro-
gressin the calculationof the fragmentationof si,]gle-particle
states.lls) Such fragmentationappearsto be importantfor the in-
terpretationof the a-spectrafrom the interaction116)of fastneu-
tronswith odd-Aytterbiumisotopes. These a-spectradiffercon-
siderablyfrom the predictionof the Hauser-Feshbach117)theoryand
lendsupportto the knock-onmodel and the resenceof preformed
a-likestructuresin the resultingnuclei.f1 6, Also in-beamy-ray
spectroscopyduringthe bombardmentof f7/2 nucleiwith energetic
a-particlesand the observationof linesfrom nucleidifferingfrom
the targetby up to 3 a-particles118)weakly suggeststhe existence
of a-pmticles in the surfaceof thesenuclei. At lowerexcitation
energiessuch effectsmightbecomevisiblefor nucleiwith Z or N
exceedingthe magic numbersby 2, assumingthe [n,a)channelis open
even for slow neutrons.11gs120) These conditionsare fulfilled,

l’*sNdwhere the spectroscopye.g.,for lz~) of the complementary}11
reaction140Ce(160,12C)144Ndlendssome supportto the assumption
of a selectivepopulationof statesat 6 to 8 MeV in lq’+lid,which
would then suggestspecialstructuresfor these states. Gamma
transitionsin the (n,ya)processare expectedlO1)to populatelev-
els with a largenumberof quasiparticles,so,that this reactio~l
mightbe onc of the few methodsto investigatechc largestmany
quasiparticlecomponentsin highlyexcitedstates. It appears,
however

$
as if thesestudiesyield only crude informationabout the

ratio12) of the hindrancofactorsof the Ml and El transitionsbe-
tweenhigh-lyingstates,the decay of which seems122)totallycon-
sistentwith the statisticalprediction. Alsc in other studiesno
evidence}iasbeen found for the predominanceof u-particlesin the
surfaceof heavynuclei,123) More informationabout the structure
of such high-lyil~gstatescan probablybe obtainedfrom future
high-resolutiontransfer-reactionstudioswith heavy ions,
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