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Abstract. Level densitiesand radiative strengthfunctions in ����� Yb and ����� Yb nuclei have been measuredwith the����� Yb(� He,� He��� ) ����� Yb and ����� Yb(� He,��� ) ����� Yb reactions.A simultaneousdeterminationof the nuclearlevel density
andtheradiativestrengthfunctionwasmade.Thepresentdataaddsto andis consistentwith previousresultsfor severalother
rareearthnuclei.Themethodwill bebriefly reviewedandtheresultfrom theanalysiswill bepresented.Theradiativestrength
functionfor ����� Yb is comparedto previouslypublishedwork.

INTRODUCTION

Nuclearlevel densitiesandradiativestrengthfunctionsareimportantinputsfor calculationsof nuclearreactionrates.
Much of nucleardensitydatais availablefrom countingof low-lying levels.With increasingexcitationenergy, the
level densitybecomeslarge and individual levels areno longer resolvable [1]. Anotherbasisof level densitydata
comesfrom nuclearresonancespacingsat or above the nucleonbinding energy [2]. Betweenthesetwo excitation
energy regions,relatively little is known aboutnuclearlevel densities.

A major part of the information on radiative strengthfunctionscomesfrom the photoabsorptioncrosssection
measurements[3]. High energy � transitionswith � �"!$#�%'&(#*) MeV are dominatedby the giant electricdipole
resonance(GEDR).Althoughtheelectricdipoletransitionstrengthsarewell studiedin thevicinity of theGEDR,the
behavior at �'�,+.-0/ is notwell determined[4]. Experimentaldataon the 12# strengthfunctionis muchscarcerthan
for the �,# strengthfunction.A recentexperimentaltechniquedevelopedby the Oslo CyclotronGroupallows one
to determinelevel densitiesandradiative strengthfunctionssimultaneously[5, 6]. The advantageof this methodis
that it providesdataon nuclearlevel densitiesandradiative strengthfunctionsin regionswherethereis scarcityof
dataandfew experimentalmeansavailable.Thedisadvantageis that thelevel densityandradiative strengthfunction
arecoupled.Thediscretestates,the resonancespacingandcapturedataareneededfor normalization.This method
is commonlyreferredto astheOslomethod.It hasbeenprovento work well in heavy massnucleiandis currently
beinginvestigatedin othermassregions.Thepresentpaperreportson resultsfrom a ����� Yb 3 � He experiment.The
Oslomethodandtheexperimentalset-uparebriefly discussed,followedby a brief descriptionof level densitiesand
radiativestrengthfunctions.Resultsfrom theanalysisof thepresentmeasurementsarepresentedanddiscussedin the
lasttwo sections.

METHOD

The experiment was carried out at the Oslo Cyclotron Laboratory (OCL) using a 45 MeV � He beam. The
self-supporting����� Yb target had a thicknessof 1.6 mg cm465 . The two reactions ����� Yb(� He,� He� � ) ����� Yb and����� Yb(� He,78� ) ����� Yb werethe focusof the experiment.Particle-� coincidencesfor �����*9 ����� Yb weredetectedusing
theCACTUSmultidetectorarray. Thechargedparticlesweremeasuredwith eightSi particletelescopesplacedat45:



with respectto the beamdirection.Eachtelescopeconsistsof a front Si ;<� detectoranda backSi(Li) � detector
with thicknesses140and3000 = m, respectively. An arrayof 28 collimatedNaI � -ray detectorswith a total coverage
of ! 15%of 4> surroundsthe target. In additionthreeGe detectorswereusedto estimatethespindistribution and
determinetheselectivity of thereaction.Thetypical spinrangeis ?@!BA�&DC*EF .

Reactionkinematicsareusedto transformparticleenergy to nuclearexcitationenergy. For eachexcitationenergy
total cascade� -ray spectraareobtainedfrom the coincidencemeasurement.The � -ray spectrumis unfoldedusing
theresponcematrix [6]. The � -rayspectrumcontainingonly thefirst � raysemittedfrom a givenexcitationenergy is
calledthefirst-generationspectrum.For eachexcitationenergy window, thecorrespondingfirst generationspectrum
is obtainedusingtheextractiondescribedin ref. [7]. A matrix is formedwhoseentriesaretheprobabilitiesGIH�� JLK�� �LM
thata � -rayof energy � � is emittedfrom excitationenergy � J .

The probability of � decayis proportionalto the productof the � -ray strength(i.e., the radiative transmission
coefficient NIH�� �LM ) andthelevel densityOPH�� JQ&D� �8M at thefinal energy �'JR&S� �

GIH�� J K�� � M0T NIH�� � M OPH�� J &D� � M K (1)

This factorizationis thegeneralizedform of theBrink-Axel hypothesis[8, 9]. ThefunctionsO and N aredetermined
by an iterationprocedurein theOslomethod[5]. Thegoalof the iterationis to determinethesetwo functionsat U
energies(thus2U values);theproductof thetwo functionsis known at roughly UV5 datapoints.Theglobalizedfitting
to thedatapointsdeterminesthefunctionalform for O and N [5]. With thefunctionalform availableonedetermines
theabsolutevaluesfor O and N by comparisonwith otherexperimentaldata.Thelevel densityO is determinedfrom
the nucleargroundstateup to !$WRXY& 1 MeV where WRX is the neutronbinding energy. The radiative transmission
coefficient N is obtainedfrom � �[Z 1 MeV to aroundW X MeV.

LEVEL DENSITY AND RADIATIVE STRENGTH FUNCTION

The level densityat low excitationenergy in thefinal nucleusis smallandexperimentalmeasurementsof low-lying
levelsareavailablefor moststablenuclei.Figure1 shows thelevel densityat low excitationenergy determinedfrom
the presentexperimentaldatacomparedto the discretelevels listed in the Tableof Isotopes[10]. The agreementis
goodup to �\! 1.5 MeV. Above this energy the two resultsdiffer becausethereis limited informationon discrete
levelsat higherexcitationenergy. Thepresentexperimentprovidesnew resultsfor theaveragelevel densityfor �^]
1.5 MeV. Comparisonat low excitation energy is usedto fix the absolutevalueof the dataat the low-energy end.
The level densityat WRX determinedfrom neutronresonancespacingsis employed asa normalizationpoint at the
high-energy endof ourmeasurement.

The � -ray transmissioncoefficient NIH�� � M in Eq.1 is expressedin termsof asumof all the � -raystrengthfunctions_a`Qb
of multipolaritiesced

NIH�� � M0T `Qb � 5
bYf � _a`Qb H�� � M�g (2)

Theaverageradiative width of neutronresonanceshji��Lk at theneutronbindingenergy is usedto normalizeNIH�� � M .
Oneassumesthat the experimentalvalueof hjiP�lk hascontributionsfrom ?Imn#�o*A , where ? is the target spin in the
weightingfactorthatdeterminesthenormalizationto NIH�� � M [11].

It is assumedthat the � -ray strengthis dominatedby dipole transitions.TheLorentziangiantelectricdipolereso-
nance(GEDR)andtheKadmensky-Markushev-Furman(KMF) modelsareemployedfor the �,# strength.According
to theBrink hypothesiswhich assumesthatpropertiesof theGEDRbuilt on excitedstatesareequalto thosebuilt on
thegroundstate,theGEDRcanbeexpressedas

_�p � H�� �LMYq #r > 5 E F 5ts 5
u p � � � il5p �H�� 5� &S� 5p � M 5 3n� 5� i 5 p �

K (3)

whereu p � , i p � , and � p � arethecrosssection,width, andthecentroidof theGEDRdeterminedby photoabsorption.
In theKMF model[12], theLorentzianGEDRis modifiedin orderto reproducethenon-zerotail of the GEDRfor� �[vw% by meansof a temperaturedependentwidth of theGEDR.The �,# strengthin theKMF modelis givenby

_ p � H�� � MYq #r > 5 E F 5�s 5
% g�x u p � il5p � H��y5� 3Sza>Y5|{}5 M� p � H�� 5� &D� 5p � M 5

K (4)



FIGURE 1. Thelevel densityof ����� Yb (datapoints)comparedto thatobtainedfrom theTableof Isotopes(histograms).

where{ q ~ o*� is thenucleartemperature,~ is theeffectiveexcitationenergy, and � is theFermigaslevel density
parameter. Thewidth of theGEDRis asumof energy andtemperaturedependentparts

i p � H�� �PK�{ M�q i p �� 5p �
H�� 5� 3nz�> 5 { 5 M�g (5)

Thegiantdipoleresonanceis split into two partsfor deformednuclei.Therefore,a sumof two strengthfunctionsis
used.

Two differentdescriptionsof 12# strengthareconsideredin comparisonwith data.Thefirst is Weisskopf’sadjusted
singleparticlemodel,wherethe 12# strength

_�� � is independentof � -ray energy andits valueis determinedfrom
theratio

_ � � o _ p � at � �,Z 7 MeV [13]. Thesecondmodelfor
_ � � is theLorentziangiantmagneticdipoleresonance

(GMDR) givenby _ � � H�� � MYq #r > 5 E F 5�s 5
u � � �'�6iL5� �H�� 5� &D� 5� � M 5 3n� 5� i 5 � �

g (6)

For severalrare-earthnuclei,ananomalousresonancestructureis observedin theradiativestrengthfunction.These
are similar to the giant resonancesbut with smallerwidth [11, 14]. This structureis often referedto as a pygmy
resonance.The electromagneticcharacterof this structureis currently under investigation.In order to reproduce
experimentalresultswherethis structureis evident, anotherLorentziancenteredat ���|� with width iL�|� andcross
sectionu �|� is usedin additionto theGEDRandGMDR describedabove.



RESULTS AND DISCUSSION

Thelevel densityandstrengthfunctionfor ����� Yb reportedin this paperarenew results.For ����� Yb, the level density
andradiativestrengthfunctionwereobtainedpreviouslyfrom a ��� 5 Yb(� He,7L� ) ����� Yb experiment[11]. Figure2 shows
thelevel densitiesof ����� Yb and ����� Yb. Datapointsaredrawnasfull circleswhile level densitiesat theneutronbinding
energy arerepresentedby emptycircles.Resultsfor bothnucleiareobtainedfrom thegroundstateto !eW X & 1 MeV.
Thesolid line is an interpolationbetweentheexperimentalresultand O evaluatedat W X usinga back-shiftedFermi
gasapproximationfor thelevel density

O�H�� MYqn� ���Y� H�A�� � ~,M#*A � A�� ����� ~�� ��� u�� g (7)

Theback-shiftedexcitationenergy ~^q ��&n�(&S; , where � q &�C g Ct��4 ��� � 5 MeV, � is themassnumber, and ; is
thepairingparameter. The ; parameteris estimatedto be ; q ; X 3n;[� q # g z�%*) MeV for ����� Yb and ;[� q % g r #*�
MeV for ����� Yb, following theprescriptionby Dobaczewski et al. [15]. Thelevel densityfor ����� Yb is aboutanorder
of magnitudesmallerthanthe level densityfor ����� Yb. This is consistentwith a largershift for the level densityfor
this even-evennucleus.Plateausin the level densitiesaround � q ; maybe relatedto nucleonpair breaking.This
signatureof pairbreakingis commonlyobservedin otherrare-earthnuclei[16] aswell asin lighternuclei[17] studied
by theOslomethod.The theoreticalinterpretationthat relatesthepair breakingwith thermodynamicalpropertiesis
givenin a recentreview [18].

FIGURE 2. Thelevel densityof ����� Yb and ����� Yb.

In Figure3 the ratio of the exponentiallevel densityandthe experimentallevel densityis plottedasa function
of excitationenergy � . The ratio is shown betweenthe two energieswherethefit at the low- andhigh-energy ends
stopped.Fluctuationsaroundthe straightline indicatesdeviation of the observedlevel densityfrom theexponential
level density. Therearestructuresnearexcitationenergies2, 3.5, and5.2 MeV seenasdeviationsfrom the relative
level densityOPH ~,M o�O6������ Q¡�H ~,M�q # . However, themagnitudeof thesedeviationsis within two u .



FIGURE 3. Theratioof thelevel densitypredictedby theFermigasmodelfor ����� Yb andtheexperimentallevel density.

The normalizedexperimentalradiative strengthfunctionsfor ����� Yb and ����� Yb areshown in Figs. 4 and5. The
experimentalradiative strengthfunctionsarecomparedto modelcalculations.In Figs.4 and5 thedashedlinesshow
thetail of theLorentzianGEDRgivenby Eq.(3). Thedash-dottedlinesshow a sumof theKMF �,# strength(4) and
theWeisskopf 12# estimate.TheWeisskopf strengthoverestimatesat low �'� becausetheratio

_ � � o _ p � is givenat� �¢Z 7 MeV, thusnot applicableat low � � . Thedottedlines representa sumof theKMF �[# strength(4) andthe
Lorentzian12# givenby Eq.(6).

Thesolid linesrepresentafit to thedatawith_ q¤£ H _ p � 3 _ � � M 3 _ �|� K (8)

where
_ p � and

_ � � aregivenby Eqs.(4) and(6). Parametersaretaken from reference[13]. Thepygmy resonance_ �|� is addedto thestrengthin ����� Yb wherethereis aclearanomalyin thedata.
Theratio of theexperimentalstrengthfunctionandthefit to � X� providesa qualitativeview of thefine structurein

thestrengthfunction.In Fig. 6 the � -raystrengthfunctionratio is plottedasa functionof � -rayenergy. A systematic
deviation from thestraightline near � �@! r g z MeV indicatesthat thereis a noticablebumpin thestrengthfunction.
Quantitatively, theparametersfor thepygmy resonanceareobtainedby includinga Lorentzian

_ �|� to thefit function
(8). Theparametersarelistedin Table1 alongwith resultsobtainedfrom the ��� 5 Yb(� He,78� ) ����� Yb experiment[11].
Theenergy andwidth of thepygmy resonancein ����� Yb from the two experimentsagreewell. Thecrosssectionfor
thepygmyresonancefrom the ��� 5 Yb(� He,78� ) ����� Yb experimentis somewhatlarger.

A similar resonancestructurewas observed in most of the rare-earthnuclei investigatedby the Oslo method.
However, for ����� Yb the strengthfunction haslarger fluctuations.Thereforeit is difficult to concludefrom present
datawhetherthereis a pygmy resonancefor ����� Yb. Thus

_ �|� in Eq. (8) is takento bezerofor ����� Yb. Theshapeof
the strengthfunction suggeststhat the pygmy resonancein ����� Yb may not be describedby a Lorentzianbut could
besplit. More experimentalevidenceis necessaryto clarify this issue.Since

_ �|� in Eq. (8) accountsfor theresonant



FIGURE 4. Theradiative strengthfunctionof ����� Yb. Theexperimentaldatais fitted (solid line) usinga functiongivenby Eq.
(8) with ¥ �|�§¦n¨ andcomparedto severalmodels.

TABLE 1. The parametersfor the pygmy resonancein ����� Yb obtained
from apreviousexperiment[11] andfrom thepresentwork

Experiment © �|� ªt�|� «��|� ¬ 
MeV mb MeV MeV

Reference[11] 3.35(6) 0.65(7) 0.97(16) 0.34(3) 1.22(10)
Present 3.53(10) 0.35(6) 1.04(18) 0.31(3) 1.01(4)

structure,theoverallnormalizationfactor £ shouldbeequalto 1.For ����� Yb wherethepygmyresonancewasfit using
a non-zero

_ �|� , we obtained£®q 1.01m 0.04.However for ����� Yb where
_ �|� wastakento bezero,theoverall factor£ was1.20m 0.09.Thefactthatit deviatesfrom 1 is indicativeof anadditionalstrengthin theunresolvedbackground

(i.e.pygmyresonance).Thetemperature{ in Eq.(4) is alsotreatedasa freeparameter. A fit to theexperimentaldata
yields { q % g z�A�mD% g %*z MeV for ����� Yb and{ q % g r #�mD% g % r MeV for ����� Yb.

SUMMARY

Theleveldensitiesandradiativestrengthfunctionsin ����� Yb and ����� Yb areobtainedfromthe ����� Yb 3 � Heexperiment.
Theobservedlevel densitiesprovidenew valuesfor excitationenergiesabove ! 2 MeV wherethetabulatedlevelsare
incomplete.Becauseof the largefluctuationsin the radiative strengthof ����� Yb, a pygmy resonancein ����� Yb is not
readilyapparent.Theradiativestrengthfunctionin ����� Yb exhibitsaresonancestructure(pygmyresonance)similar to



FIGURE 5. Theradiative strengthfunctionof ����� Yb. Theexperimentaldatais fitted (solid line) usinga functiongivenby Eq.
(8) andcomparedto severalmodels.Thepygmyresonanceparametersaredeterminedfrom thefit.

thatobservedin previously measurednuclei.Theparametersfor this pygmy resonancewereobtainedandcompared
to valuesfrom the ��� 5 Yb(� He,7 ) ����� Yb reaction.Thereis goodagreementbetweenthetwo measurements.
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