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From the massof ����� coincidencesregisteredby a pair of Ge-detectorsafter thermal
neutroncapturein

� � 	
Lu, the intensitydistributionsof the two-stepcascadesproceeding

betweenthecompoundstateandeightlow-lying ( 
 � �
����� ����� � � keV) levelsof
� � �

Lu
wereobtained.Theanalysisof the intensitydistribution of all the cascadesresolvedex-
perimentallyandof thetotal distribution, includingunresolvedcascades,showedthat the
correctdescriptionof the cascade� -decayprocessfor the odd-even deformednucleus
shouldaccountfor thestronginfluenceof vibrational-typeexcitationsbelow 3 MeV and
anabrupttransitionfrom vibrationalto quasiparticleexcitationsabovethisenergy.

PACSnumbers25.40.Lw, 27.70.+q,27.60.+j UDC 539.172.4

Keywords:compoundstatesof � � � Lu, thermalneutroncapture,cascade� -decay,� - � coincidences,densityof states,vibrationalandquasiparticleexcitations

1. Introduction

Thesystematicsearchfor the dynamicsof the of nucleartransitionprocessfrom the
simpleststructuresof low-lying levelsto theextremelycomplex compoundstatewasbe-
gunat theLaboratoryof NeutronPhysicsin Dubnaabout15 yearsago[1,2]. To obtaina
completepicture,theseinvestigationsmustbe performedfor many nuclei with differing
parameters.This will revealboth themostgeneralpropertiesandindividual peculiarities
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of nuclearstateswhich occurin thecascade� -decayprocessesfollowing theneutronres-
onancecapture.

Theonly odd-evennucleusstudiedthusfarby thesumcoincidencetechniqueis � � � Lu
[3]. However, statisticsof ����� coincidencesin the experimentin Riga wasvery poor.
The facility in R̆ĕz (CzechRepublic)allowed a much bettermeasurementof two-step
cascades,andconsiderablymoreinformationon the propertiesof this odd-evennucleus
wasobtained.

2. Experiment

The ����� coincidencemeasurementsof the � �  Lu(n,� ) reactionwerecarriedout at
the LWR-15 reactorin R̆ĕz [4]. The contentof � �  Lu in the target available was only
about0.2% (in a target of 1 g enrichedin � � ! Lu to 99.8%). However, the high capture
cross-sectionof thermalneutronsin � �  Lu provideddataonasufficiently largenumberof
the two-stepcascadesin � � � Lu. The sumcoincidencemethodallowed the separationof
the two-stepcascadesof a given sumenergy from the massof coincidences.Therefore,
the problemof isotopic identificationof the cascadeswasunambiguouslysolved on the
groundsof knowndataontheschemesof low-lying levelsandtheneutronbindingenergies
for thecorrespondingnuclei( "$#
%�& ' ( ) * + keV for � �  Lu and7072.4keV for � � � Lu). The
only drawbackwasthat thecascadesof the lower sum-energiesweredetectedon a large
backgroundandthecascadesof higherenergy wereobtainedwith thelowerstatisticsthan
whatcouldbeachievedwith a monoisotopictarget.

Fig. 1. Partof thesumcoincidencespectrumfor � � � Lu. Thepeaksaremarkedby energies
(in keV) of thefinal cascadelevels.

Figure1 presentsthe main part of the sumcoincidencespectrumof � � � Lu. Figure2
shows oneof the seven intensitydistributionsof the two-stepcascadesterminatingat a
fixedfinal level. Thepairsof correspondingpeaksin thesedistributionsrepresentthemost
intensecascades.Theconditionsof their registrationwerecarefullyanalysedearlier. Ge-
ometryof theexperiment[1,4] waschosensothatthecontributionof differenterrorswould
beminimal andwould not bring to distortionlargerthanabout1%. Table1 lists thetran-
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sition energies,relative intensitiesof thetwo-stepcascadesasthepercentagesof thetotal
intensityof thecascadesto agivenfinal level (includingthoseunresolvedexperimentally).
To rejectannihilationquanta,thecoincidencedetectionlevel (only for thisnormalization)
wassetat520keV. Therelative intensitiesweretransformedto theabsoluteintensities(in
% perdecay)by normalizingto theabsolutevalues, - - usingtherelation

, - -�.�, -0/21 3 4 (1)

wheretheabsoluteintensities, - of theprimarytransitionswith energies6292,5840,5766,
5730,5599,5569,5464,5321,5087,5054,4982,4882,4798and4523keV weretaken
from Ref. 5. Thebranchingratios, 1 3 , weredeterminedfrom thestandardspectraof co-
incidences,with theprimarytransitionslistedabove,which werederivedfrom recordsof
coincidentdataaccumulatedin this experiment.The total absoluteintensitiesof thecas-
cadeswith afixedsumenergy aregivenin Table2. Therelativeintensitiesof thecascades
canbetransformedinto theabsolutevalues(per 5 6 7 decays)by multiplying the 8 - - values
by thecorresponding, - - valuesfrom Table2.

Fig. 2. Intensitydistributionof thetwo-stepcascadesof total energy 9$:<;�9>= =6950keV,
with subtractedbackground.

If at leasttwo secondarytransitionsdepopulatingan intermediatecascadelevel are
observedin theexperiment,thentheenergy 9>? of this level canbedeterminedwith high
confidencewith the useof algorithmof Ref. 6, independentlyof conventionalmethods.
This algorithmusesthe maximumlikelihoodmethodwith the multidimensionalnormal
distribution asthe likelihoodfunction,andis basedon the obvious fact that the primary
transitionof the cascadesproceedingvia the sameintermediatelevel is observed at the
samepositionin differentspectra.The 9�? valuesobtainedin this way arealsolisted in
Table1. In thecasewhenavailabledatadid notallow unambiguousdeterminationof 9>? ,
thetransitionwith higherenergy wastakenastheprimaryone.The 9>? valuesobtainedin
thiswayarealsolistedin Table1 in brackets.
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TABLE 1. A list of energies, @>A and @�B , of measuredcascadetransitionsandtheir
relative intensities,C D DFE�GFC D D , in percentof the total intensityof the two-stepcascades
whichhavethesametotalenergy. @�HIE�G
@>H is theintermediate-level energy. @>J is the
energy of thefinal level of thecascades.

@>A K (keV) @�B K (keV) C D DML GFC D D N @�H�L G
@>H2N (keV)@$A<O�@>B>P�Q R S T U V keV; @>J =121.6keV
5841.5 1109.2(6) 0.61(19) 1230.6(4)
5730.2 1220.5(1) 7.08(58) 1342.3(3)
5606.2 1344.6(4) 1.33(28) 1466.6(8)
5601.0 1349.8(1) 7.17(57) 1471.6(3)
5569.6 1381.1(0) 12.76(74) 1501.8(15)
5270.8 1679.9(6) 0.67(24) 1803.5(16)
4523.9 2426.9(2) 4.08(65) 2548.2(3)
4505.9 2444.8(5) 1.34(42) 2565.7(10)
5743.5 1207.3(6) 0.55(18) (1328.5)
4479.0 2471.8(5) 1.16(39) (2593.0)
3826.2 3124.6(7) 1.03(38) (3245.8)
3795.2 3155.6(6) 1.40(44) (3276.8)@$A<O�@>B>P�Q R W W U T keV; @>J =150.4keV
5905.0 1016.9(5) 1.05(34) 1167.7(4)
5842.0 1080.0(2) 3.39(50) 1230.6(4)
5607.1 1314.8(6) 1.02(35) 1466.6(8)
5266.1 1655.9(4) 1.98(49) 1806.2(10)
4983.8 1938.1(2) 3.80(67) 2089.1(6)
4962.5 1959.4(5) 1.45(45) 2108.5(16)
4780.0 2142.0(6) 1.30(41) 2290.6(15)
3966.5 2955.4(4) 3.23(82) 3106.6(10)
5815.4 1106.6(5) 1.02(30) (1256.6)
5734.3 1187.7(3) 2.87(47) (1337.7)
5218.2 1703.8(5) 1.61(44) (1853.8)
5069.3 1852.7(7) 1.08(37) (2002.7)
4943.4 1978.6(7) 1.03(38) (2128.6)
4854.3 2067.7(5) 1.70(44) (2217.7)
4702.7 2219.2(6) 1.32(47) (2369.3)
4682.6 2239.4(5) 1.71(54) (2389.4)
4667.0 2255.0(7) 1.22(45) (2405.0)
3920.1 3001.9(8) 1.55(59) (3151.9)
3893.1 3028.9(8) 1.56(60) (3178.9)@$A<O�@>B>P�Q V T X U Q keV; @>J =268.8keV
6253.9 549.7(4) 0.57(13) 818.2(4)
5605.9 1197.7(4) 0.92(21) 1466.6(8)

Table1. (continued)

40 FIZIKA B 7 (1998)1, 37–54



KHITROV ET AL .: CASCADE GAMMA-DECAY PROCESS OF . . .

Y$Z [
(keV)

Y>\ [
(keV) ] ^ ^M_ `
] ^ ^ a Y�b _ ` Y�b a [ (keV)

5601.0 1202.6(1) 6.56(47) 1471.6(3)
5569.8 1233.8(1) 4.89(39) 1501.8(15)
5393.8 1409.8(3) 1.09(23) 1676.7(19)
5171.0 1632.6(5) 0.60(20) 1901.2(4)
5164.7 1638.9(4) 0.79(21) 1907.1(13)
4965.7 1837.9(6) 0.55(18) 2108.5(16)
4798.0 2005.6(3) 1.51(31) 2274.1(4)
4789.4 2014.2(6) 0.76(23) 2284.2(10)
4782.8 2020.8(4) 0.88(25) 2290.6(15)
4524.3 2279.3(3) 2.39(42) 2548.2(3)
4374.1 2429.5(6) 0.62(23) 2697.6(6)
4363.9 2439.7(3) 1.74(35) 2708.5(4)
4214.0 2589.6(5) 1.05(32) 2858.1(4)
6296.9 506.6(7) 0.40(14) (775.1)
5714.8 1088.8(3) 1.14(20) (1357.2)
4987.5 1816.1(7) 0.44(16) (2084.5)
4887.9 1915.7(4) 0.86(25) (2184.1)
4655.8 2147.8(6) 0.72(25) (2416.2)
4459.4 2344.2(6) 0.69(25) (2612.6)
4394.3 2409.3(7) 0.83(30) (2677.7)
4390.0 2413.6(6) 1.01(32) (2682.0)
4308.5 2495.1(7) 0.66(24) (2763.5)
4221.3 2582.3(6) 0.78(29) (2850.7)
4201.3 2602.3(4) 1.56(38) (2870.7)
4000.3 2803.4(6) 1.02(31) (3071.7)Y$Z<c�Y>\>d�e f g h i j

keV;
Y>k

=289.0keV
5384.0 1399.3(5) 1.03(29) 1688.9(7)
5265.6 1517.7(3) 1.71(36) 1806.2(10)
5171.8 1611.5(7) 0.82(28) 1901.2(4)
5167.0 1616.3(7) 0.77(27) 1907.1(13)
5112.1 1671.3(2) 3.66(56) 1960.3(3)
4798.8 1984.5(6) 0.89(29) 2274.1(4)
4762.3 2021.1(5) 1.22(36) 2310.0(4)
4515.1 2268.2(7) 1.07(38) 2558.1(7)
5504.6 1278.8(7) 0.67(25) (1567.4)
5402.0 1381.4(6) 0.80(26) (1670.0)
5080.9 1702.5(6) 0.82(27) (1991.1)
4816.7 1966.7(6) 0.90(30) (2255.3)
4182.0 2601.4(6) 1.40(47) (2890.0)
4176.1 2607.3(8) 1.10(42) (2895.9)Y$Z<c�Y>\>d�e e h l i f

keV;
Y>k

=440.6keV
6254.6 377.1(4) 0.35(8) 818.2(4)
5730.1 901.6(2) 1.92(25) 1342.3(3)

Table1. (continued)
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m$n o
(keV)

m>p o
(keV) q r rMs t
q r r u m�v s t m�v u o (keV)

5611.0 1020.7(6) 0.40(12) 1461.1(4)
5600.8 1030.9(2) 1.39(21) 1471.6(3)
5569.4 1062.3(3) 1.03(18) 1501.8(15)
5465.0 1166.7(1) 5.49(41) 1607.5(3)
5394.5 1237.2(4) 0.56(14) 1676.7(19)
5323.2 1308.5(2) 1.86(25) 1749.3(3)
5191.5 1440.2(5) 0.48(13) 1881.1(4)
4787.5 1844.2(3) 1.81(32) 2284.2(10)
4727.1 1904.6(6) 0.58(20) 2344.4(9)
4524.3 2107.4(2) 1.50(27) 2548.2(3)
4513.9 2117.8(4) 0.92(22) 2558.1(7)
4507.9 2123.8(6) 0.56(18) 2565.7(10)
4363.9 2267.8(6) 0.59(21) 2708.5(4)
4214.6 2417.1(3) 1.95(35) 2858.1(4)
5409.4 1222.3(4) 0.50(13) (1662.6)
5213.8 1417.9(6) 0.40(13) (1858.2)
5016.1 1615.6(5) 0.64(20) (2055.9)
4744.1 1887.6(6) 0.56(20) (2327.9)
4631.4 2000.3(5) 0.58(16) (2440.6)
4610.1 2021.6(6) 0.46(16) (2461.9)
4440.2 2191.5(4) 0.93(26) (2631.8)
4406.7 2225.0(5) 0.76(23) (2665.3)
4232.4 2399.3(5) 0.67(22) (2839.6)m$n<w�m>p>x�y y z { | }

keV;
m>~

=451.5keV
5904.5 716.3(4) 0.43(11) 1167.7(4)
5768.8 852.0(5) 1.03(37) 1302.5(11)
5611.4 1009.4(4) 0.70(17) 1461.1(4)
5605.7 1015.1(4) 0.70(17) 1466.6(8)
5600.2 1020.6(4) 0.75(18) 1471.6(3)
5573.5 1047.3(4) 0.67(16) 1501.8(15)
5565.8 1055.0(3) 0.89(20) 1506.4(4)
5398.4 1222.4(4) 0.93(24) 1676.7(19)
5382.6 1238.2(6) 0.61(20) 1688.9(7)
5267.7 1353.1(5) 0.86(24) 1803.5(16)
5171.1 1449.7(4) 0.75(21) 1901.2(4)
5112.1 1508.7(6) 2.34(41) 1960.3(3)
4982.6 1638.3(5) 0.67(17) 2089.1(6)
4939.2 1681.6(3) 1.29(24) 2133.2(3)
4728.8 1892.0(5) 0.77(25) 2344.4(9)
4709.1 1911.7(4) 1.33(30) 2362.5(12)
6103.9 517.0(4) 0.47(11) (968.1)
5849.2 771.7(6) 0.31(10) (1222.8)

Table1. (continued)
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�>� �
keV

��� �
keV � � �M� �
� � � � ��� � � ��� � � keV

5747.6 873.3(5) 0.64(18) (1324.4)
5328.4 1292.5(7) 0.52(19) (1743.6)
5318.6 1302.3(4) 1.11(27) (1753.4)
5022.8 1598.0(6) 0.54(18) (2049.2)
4949.4 1671.5(7) 0.43(16) (2122.6)
4883.3 1737.6(3) 1.86(35) (2188.7)�$�<���>�>��� � � � � �

keV;
���

=636.2+637.1keV
5771.0 665.2(5) 0.33(9) 1302.5(11)
5604.8 831.3(5) 0.51(12) 1466.6(8)
5601.1 835.1(2) 1.65(18) 1471.6(3)
5570.6 865.5(4) 0.45(10) 1501.8(15)
5566.6 869.5(7) 0.28(10) 1506.4(4)
5464.8 971.3(2) 1.37(22) 1607.5(3)
5397.2 1039.0(7) 0.39(15) 1676.7(19)
5323.0 1113.2(2) 1.33(22) 1749.3(3)
5267.7 1168.4(6) 0.43(14) 1806.2(10)
5191.2 1244.9(4) 0.68(17) 1881.1(4)
5112.0 1324.1(4) 0.86(17) 1960.3(3)
4939.3 1496.9(4) 0.71(17) 2133.2(3)
4762.5 1673.7(4) 0.96(21) 2310.0(4)
4711.4 1724.8(6) 0.49(17) 2362.5(12)
4375.2 2061.0(5) 0.86(25) 2697.6(6)
3964.7 2471.5(6) 0.89(26) 3106.6(10)
6114.6 321.6(3) 0.42(8) (957.4)
6085.0 351.2(5) 0.27(8) (987.0)
5528.7 907.5(3) 0.61(10) (1543.3)
4868.8 1567.3(4) 0.64(17) (2203.2)
4570.3 1865.9(3) 1.03(20) (2501.7)
4530.9 1905.3(7) 0.44(15) (2541.1)
4411.8 2024.4(7) 0.58(21) (2660.2)
4265.4 2170.8(7) 0.59(21) (2806.6)
4210.6 2225.6(5) 0.90(25) (2861.4)
3991.7 2444.5(5) 0.98(27) (3080.3)

2.1. New levelsof � � � Lu observedin the � ��� � ��� reaction

From a comparisonof the datalisted in Table1 with theavailabledataon thedecay
schemes(e.g.,with the NNDC file), it follows that the levels 775 (1.0), 968 (1.6), 1223
(1.0), 1257(0.9), 1329(0.9), 1461(3.6), 1506(4.4), 1567(1.1), 1663(1.6), 1670(1.4),
1744(1.7),2123(1.4)and2129(0.9)keV werenotobservedin previousexperiments.The
valuesgivenin thebracketsaretheabsoluteintensities(per � � � decays)of thecorrespond-
ing cascades.The quantaorderingfor thesecascadesandenergiesof their intermediate
levelsweredeterminedin many casesonconditionthatthetransitionof thehigherenergy
is primary. All of thepossiblestatesof

� � �
Lu listedabove (exceptfor the1461and1506
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keV levels) wereobserved for cascadeswhoseintensitieswerecloseto the registration
thresholdof theexperiment( ���� ¢¡ £ ¤M¥ ). Eachof the1461and1506keV levelsis excited
by two cascades,andtheselevelsmustbeundoubtedlyincludedin the decayschemeof¦ § §

Lu. For theothercascades,wecannotexcludepossibilitythattheir primarytransitions
areof lowerenergiesandthattheir intermediatelevelsarelying above4 MeV.

Thedataon thelevelslying above2.2MeV havebeenobtainedfor thefirst time.

TABLE 2. Total experimental,̈ © ª «¬ ¬ , andcalculated,̈ � ­ ®¬ ¬ , intensities(in % perdecay)
of thetwo-stepcascadesin

¦ § §
Lu. ¯ ¦<° ¯>± is thesumenergy of thecascades;²´³µ and ¯ µ

arethespin,parityandenergy of thefinal cascadelevel.

¯ ¦<° ¯>± ¯ µ ²´³µ ¨ © ª «¬ ¬ ¨ � ­ ®¬ ¬
keV keV [10] [12]
6951 121.6 9/2¶ 1.7(1) 0.7 0.8
6922 150.4 9/2¤ 0.9(1) 0.6 0.7
6804 268.8 11/2¶ 2.4(2) 1.1 1.3
6783 289.0 11/2¤ (1.7) 1.0 1.2
6632 440.6 13/2¶ 3.1(3) 1.3 1.5
6621 451.5 13/2¤ 3.3(7) 1.1 1.4
6436 636.2+637.1 15/2¶ ,15/2¤ (2.0) 1.3 1.7
Sum 14.1(10) 7.1 8.6

2.2. Dependenceof theaverage intensityof cascadesonexcitationenergy

At present,nomethodallows thedeterminationof thequantaorderingin theobserved
cascades.Nevertheless,onecanapproximatelydecomposethespectra(seeFig.2) into two
componentswhichcorrespondexclusively to primaryor to secondarytransitionsusingthe
shapeof the dependenceof transitionwidths andlevel densityon the excitation energy.
The methodof decompositionsuggestedin Ref. 7 is basedon the fact that below some
excitation energy (its valuedependson the statisticsof countsin the peaksof the sum
coincidencespectrum;it wastakenequalto 3 MeV for

¦ § §
Lu), thespectrumconsistsof:

(a) a numberof well resolveddiscretepeaks(correspondingcascadesarelistedin Ta-
ble1), and

(b)acontinuouslow-amplitudedistributionrelatedto thelargenumberof low-intensity
cascades.

It is assumed[7] thattheexcitationenergiesof intermediatelevelsof thecascadessatisfy-
ing thecondition(a) ¯�·I¸º¹ MeV, andfor thosesatisfyingthecondition(b) ¯>·¼»�½M¾ £ ¿
MeV, aredetermined.Theintensitywithin theinterval 3 to 4.07MeV wasdividedin two
parts:half wasassignedto thecascadeswith primaryenergy ¯ ¦ andhalf to thecascades
with primary energy ¯�±�ÀÂÁ$Ã2ÄÅ¯ µ ÄÅ¯ ¦ . The energiesof the intermediatelevels of
resolvedcascadesarelistedin Table1. In thecaseof unresolvedcascades,theseenergies
weredeterminedaccordingto the equation̄�ÆÇÀÈÁ>Ã0Ä�¯ ¦ . Relative intensityof both
resolvedandunresolvedcascadeswasnormalizedusingthedatafrom Table2.

In accordancewith theprocedureof Ref.7, all sevenspectra(seeFig. 2) weredecom-
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posedinto two parts.Thedependenceobtainedaftersummationof thedecomposedspectra
overall final levelsin energy intervalsof É�Ê¢Ë�Ì Í Î MeV is shown in Fig. 4.

Cascadeslistedin Table1 havesomeregistrationthresholdÏ�Ð . For this reason,quanta
orderingfor a portionof theobservedcascadeintensitiesis determinedincorrectly. How-
ever, onecanestimatethe maximumvalueof the sumcascadeintensity for the intervalÌ�Ñ¢Ò Ó Ó�ÑIÏ<Ð by constructingthe dependenceof the cumulative sumsÔÕÒ Ó Ó of the re-
solvedcascadeson thevaluesof intensity, andby extrapolationof this dependenceto the
region Ò Ó Ó�Ö¢Ï�Ð . Theresultsof this extrapolationareshown in Fig. 3. Theestimatesthe
maximumsystematicalerrorsof themethod(Ref.7), obtainedby thetheextrapolationof
cumulativesumto Ò Ó Ó
Ë�Ì , areshown in Fig. 4 togetherwith statisticalerrors.

Fig. 3. Cumulativecascadeintensitiesin × Ø Ø Lu for threeexcitation-energy intervals: Ù Í Î�ÚÛ Í Ì , Û Í ÌMÚ Û Í Î and
Û Í ÎMÚ>Ü Í Ì MeV vs.thecascadeintensity. Approximationandextrapolation

of cumulativeintensitiesto valuescorrespondingto Ý Ó Ó�Ë�Ì is shown by dashedlines.

3. Dataanalysisandresults

Interpretationof thecascadeÞ -decayof thenuclearcompoundstatesreflectsthenonse-
lectivity of the(n, Þ ) reaction,i.e. therathersmoothdependenceonenergy of theradiative
strengthfunctionsandthe exponentialdependenceof the level densityon the excitation
energy. Theresultsof thecalculationof thecascadeintensitiesperformedwithin themod-
elsof radiativewidths[8,9] andlevel density[10] areshown in Fig. 4 by thecurve1. This
figure demonstratesa considerablediscrepancy betweenthe calculationsandthe experi-
mentalresultsfor theshapesof energy dependence.This discrepancy cannotberemoved
with any possiblevariation
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Fig. 4. Total two-stepcascadeintensities(in % per decay)in ß à à Lu asa functionof ex-
citationenergy of cascadeintermediatelevels.Thehistogramsrepresenttheexperimental
intensities(summedin energy binsof 500keV) with ordinarystatisticalerrors;themaxi-
mumpossibleestimatesof probablesystematicerrorsareshown by additionalsolid curve
for excitation above 4 MeV. Curves1 and2 correspondto predictionsaccordingto the
modelsof Refs.10and14,respectively.
of themodelparameters[8-10].Theresultsshown in Fig. 4 wereobtainedfor thecascades
terminatingat low-lying ( á>â ã2äºå æ ç keV) levelsof ß à à Lu. Thedataof this measurement
donot allow to draw similar conclusionsfor thecascadesto thehigher-lying levels.How-
ever, the disagreementbetweenthe shapesof the calculatedandexperimentalintensity
distributionsof thetwo-stepcascadesterminatingat low-lying levelsof thedeformednu-
clei studiedearlier[11] is themainpeculiarityof thecascadeè -decayof thesenuclei.This
peculiaritycanpossiblyberelatedto a ratherabruptchangein thefunctionaldependence
on theexcitationenergy:

(a)of theradiativestrengthfunctions,or
(b) of thelevel densityof imtermediatelevelsin è0é�è cascades.

Thelatterappearsto bemorelikely.

3.1. Cascadeintensities

The summedintensitiesof cascadesleadingto a setof intermediatestates,ê´ëÂì
äí ë¢îÅï
á , in theenergy interval, ï
á , arecalculatedusingthefollowing relation:

ð ñ ñ ìºò ó´ô ëFõ ó´ô ö ò ó´ë�÷ õ ó´ë$ö�ä í ë¢îÅï
á�ø (2)

where ó´ô ë and ó´ë�÷ arethe partial widths of the transitionsconnectingthe levels ùÅúû úýü , ó´ô and ó´ë arethetotal radiative widthsof thedecayingstatesù and û , respec-
tively, and ä í ë¢î is themeanlevel densityin theenergy interval ï�á .

Equation(2) showsthatintensitiesof cascadesfor agivenenergy intervalof intermedi-
atelevelsaremainlydeterminedby thedensityof excitedstatesof thenucleusunderstudy.
This conclusiondirectly follows from Eq. (2) if onetakesinto accountthat ratiosof the
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partialwidthsof theprimaryandsecondarytransitionsto the total þ -widthsof thestatesÿ
and � , respectively, areinverselyproportionalto thedensityof theselevels.Variations

of themodelsof radiative widthsfor theprimaryandsecondarytransitionsaffect cascade
intensityconsiderablyless[2]. Thus, the intensitiesof the two-stepcascadesare rather
complex, but on thewholeinverselyproportionalto thedensitiesof theexcitedstates.

Therefore,theobserveddisagreementbetweentheexperimentalcascadeintensitiesand
themodelcalculations(Table2 andRef.2) shouldberelatedto thefactthattheobserved
densityof intermediatelevels is considerablylessthanthevaluespredictedby themodel
of Ref.10.

Fig. 5. Numberof observedlevelsof themostintensivecascadesin
� � �

Lu (Table1) for an
excitationenergy interval of 100keV. Curves1 and2 representthepredictionsof models
of Refs.10 and14, respectively. Histogram3 is the estimation[12] of the level density
from theshapeof thedistributionof cumulativesumsof cascadeintensities.

Thecomparisonbetweentheexperimentalandcalculatedlevel densitiesfor
� � �

Lu is
shown in Fig. 5. The experimentaldatashown in this figure correspondto the cascades
with

� � �����
	
andcover intermediatelevels with �
��� � � � � � � � � � and � � � � of both

parities.As canbe seenin Fig. 5, a significantdiscrepancy betweenthe experimentand
calculationswithin the modelof Ref. 10 is observedabove the excitation energy of 1.5
MeV. Usually, suchdiscrepanciesareexplainedas“omission”of levelspopulatedby cas-
cadeswith

� � ���
�
	
. However, the observed intensities,which areregularly above the

resultsof calculations,aroseddoubtsaboutthe validity of the modelof Ref. 10 for the
considerednuclei.Theauthorsof Ref. 12 verified it for morethan30 nuclei in themass
region � � � ����� � � � usingthedataon thecascadeintensities.Theanalysiswith a min-
imum possiblenumberof assumptionscanbe madeusingthe summedintensitiesof all
cascadesproceedingvia thesameintermediatelevel. As shown in Ref. 12, thedispersion
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of thecorrespondingsumsis determinedto morethan85-90%by thedispersionof thedis-
tribution for randomintensities,� � , of theprimarytransitionsof cascades.Assumingthat
the distribution of � � in a sufficiently narrow energy interval follows the Porter-Thomas
distribution [13] to anacceptableprecision,with themeanvalue ��� ��� andrelative dis-
persionof 2, theauthorsof Ref.12estimatedtheprobablenumberof “missing” levelsin a
ratherwide interval of theexcitationenergy of heavy deformednuclei.An approximation
of the distribution of cumulative sumsof cascadeintensities(seeFig. 3) wasused,with
threemain freeparameters:the summedintensity, the numberof cascadesinvolvedand
theratiobetweenthemeanintensitiesof the  "! and #$! primarytransitions.

Theresultsof thebestapproximationareshown in Fig. 3, andthemaximumpossible
numberof intermediatelevels in � % % Lu for the interval from 1.5 to 3.0 MeV is presented
in Fig. 5 (histogram3).

Thesedata,togetherwith thedatafrom Ref. 12, indicatethatthetraditionaltreatment
of deviation of level densityobservedin the(n,&(' reactionfrom theexponentiallaw [10]
as“omission”of levelscontradictsotherconventionalnotionsaboutthis reactionsuchas:

(a) thenon-selectivity, and/or
(b) thePorter-Thomasdistribution for thereducedwidthsof primarytransitions.
At present,it is impossibleto determinewhetherthis discrepancy is causedby the

deviation of the total level density(in thepresentcasefor a fixed interval of level spins)
from theexponentiallaw of Ref. 10 andothersimilar models,or by thestrongselectivity
of the(n,&(' reaction.If the(n, & ) reactionis reallyselective,thenthecorrectdescriptionof
the & -decayprocesscanbeachievedonly within theframework of themodelapproaches
whichpredictlevel densityandradiativewidthsin theenergy interval upto )+* , separately
for groupsof levelsdiffering in their structure.

Namely, a modelis requiredthatwould reproducethe typical dependenceof thecas-
cadeintensitiesfor deformednucleion theexcitationenergy shown in Fig. 4. It shouldbe
notedthatno realisticmodelfor theradiativestrengthfunctionsis known which couldre-
producethevaluesof cascadeintensitiesandtheir functionaldependenceontheexcitation
energy with hoghprecision.

3.2. A simplenew modelof nuclearleveldensities

The level densitymodelsuggestedin Ref. 14 assumesan abruptchangeof nuclear
propertiesdueto thesecond-orderphasetransitionfrom theboson-typeexcitationsto the
fermion-typeexcitations,i.e., from thevibrationalexcitations(phonons)to thequasipar-
ticle excitations.The BCS-theory[15] predictsthe transitionfrom the superfluidto the
normal phasefor a systemof Fermi particlesat the critical temperature,,.- , relatedto
the correlationfunction, / , by the relation ,(-102/ 3 ! 4 5 6 . The level densitymodel was
developedusingthis relationship,andwasbasedon theexperimentaldatafor thethermo-
dynamiccharacteristicsof amixtureof liquid 7 Heand 8 Hein thevicinity of thetransition
point from thesuperfluidto thenormalstate.Thetransitionhasbeenstudiedexperimen-
tally in detail[16].

After an appropriateextrapolationof the superfluidpropertiesof the mixture of He
isotopesto thenumberof thefermions,9;: , andthenumberof bosons,9;< , in thenucleus,
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onecandefine[17] thespecificheat= asafunctionof thenuclearexcitationenergy > . The
specificheatis responsiblefor thedistribution of energy of thecapturedneutronbetween
fermionsandbosons,andfulfils thefollowing generalrequirements:

1. Thespecificheatof thesystemis equalto thesumof thespecificheatof theboson
andfermionsystems: =
? @ ?BA�=
C+DE=
F G (3)

2. In thevicinity of thephase-transitionpoint “superfluid-to-normalstate”,i.e., at the
critical temperatureH(I , thespecificheatdependslogarithmicallyon > :

=JF
A�KML N.O P >BIBQR>
S P TUQ1L N.O P >UIBQE>"P TWV N;X Y ZJ[ \ ] ZB^ _`>�a�>UI b (4)

=JF
A�KML N.O P >BIBQR>Bc P TUQ1L N.O P >UIBQE>"P TWV N;X Y ZJ[ \ ] ZB^ _`>�d�>UI b (5)

where >BI is a modelparameterexpressingthe energy of the systemat H.I . >BS and >Uc
determinetheexcitationenergy interval wherethesuperfluidpropertiescanaffect the e -
decayprocess.

For a mixture of BoseandFermi particles, >BI mustbe smallerthan the energy > FI
of the phasetransitionfor a pureBose-condensate(pure f He system).It dependson the
proportionof g�C and g;F asfollows[18]:

>BI
Ah> FI"i O jJQ1k T f l m b (6)

wherek�A�g;C n O g;CoDEg�F T .
Accordingto thismodel,nucleartemperatureis definedas:

pH�A >q r >�DR=JF G (7)

Theeffectivenuclearexcitationenergy of theFermisystemis givenbys>UC;A r sH c G (8)

As a consequence,the“re-determined”temperature
pH andtheeffective excitationen-

ergy
s>UC aresmallerthanthecorrespondingH and > valuesusedin theconventionalFermi-

gasmodels.Also, theleveldensitydeterminedaccordingto thenew modelis lessthanwhat
is predictedby theFermi-gasmodelor by thelevel densitymodelwith a constantnuclear
temperature.

It shouldbenotedthatthelogarithmicdependenceof thespecificheatonenergy, which
appearsin thenew model,leadsto anabruptdecreaseof thelevel densitywithin a narrow
energy interval.Thespecificheattendsto infinity in thevicinity of >BI . Mostprobably, this
situationdoesnot completelycorrespondto reality becausethefinite sizeof nucleus,and
thefinite valueof theexcitationenergy mustrestricttheincreaseof thespecificheat.But
thecorrespondingenergy interval is rathernarrow (Fig.5). This is why onecanexpectthat
theeffectunderdiscussiondoesnotconsiderablyinfluencethecalculatedcascadeintensity.
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3.3. Comparisonwith experiment

Curve 2 in Fig. 4 representsthe resultsof the calculationwithin the modelof Ref.
14. As seenin thefigure, themodelreproducesreasonablywell theshapeof thecascade
intensitydistributionandimprovesthequantitativeagreement.Themodelparametersused
in thecalculationare: tBuJv�w x y MeV, tBzov�{ x | } MeV, ~1v�w x { and��v�� x } � . They arein
a goodagreementwith thecorrespondingvaluesobtainedfor othernuclei.

Fig. 6. Thedependenceof the intensities(% perdecay)of theresolvedcascadeslistedin
Table1 on theexcitationenergy. Possible“bands”of practicallyharmonicexcitationsof
thenucleusaremarked.Theparameter��v�y � keV wasused.

Table2 comparesthetotal intensitiescalculatedwithin themodelsof Refs.10 and14
(in % per decay)to the experimentalvaluesfor the two-stepcascades.The calculations
were performedfor the compoundstatewith �.��v�w { � y � . As can be seenfrom the
table,themodelsuggestedin Ref. 14 providesa betteragreementwith the experimental
datathanthemodelof Ref. 10. However, in orderto reacha reasonablecorrespondence
betweenthe experimentandcalculationswithin the new model, it is necessaryto lower
thelevel densityabovetheexcitationenergy of 3 MeV and/orto increasethewidthsof the
secondarytransitionsto thelowest-lyinglevels(thisshouldprimarily bedonefor cascades
to levelsof positiveparity).

The main discrepancy betweenthe model of Ref. 14, and the conventionalmodels
about the level densityand the radiative strengthfunctions, is mainly in the predicted
valuesof the level density. The effectsof superfluidity(i.e., of the re-determinationof
nucleartemperature)on themodel �"w transitionwidths[8] andon thecascadeintensities
areverysmall.

Figure5 shows the numbersof the observed levels in 100 keV energy intervals asa
functionof theexcitationenergy. Experimentaldata(points)arecomparedwith thepre-
dictionsof theconventionalback-shiftedFermi-gasmodel[10] andof themodelof Ref.
14.
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As canbeseenfrom Fig. 5, thesimplemodelof Ref. 14 reproducestheexperimental
dataratherwell up to theexcitationenergy of 3 MeV (without theuseof a considerable
omissionof levels that areweakly excited in the cascadetransitions).Sincethis model
assumes(on thebasisof theavailabledata)thedominantinfluenceof phononexcitations
below theenergy of 3-4MeV onthe � -decayprobabilityof theeven-� deformednuclei,it
wouldbeworthwhileto find anindependentconfirmationof thiseffect.Thisphenomenon
canappearasa regularity in the region of intermediatelevels fed by the most intensive
cascades.

A very simplemethodallows the studyof this regularity. Theabsoluteintensitiesof
individualcascades(seeTables1and2)aresmoothedin thevicinitiesof theirintermediate-
level energies �o� by the Gaussiancurve with the parameter����� � keV. The sumof
thesedistributions over the total numberof experimentallyresolved cascadesgives the
spectrum�U� ��� of thesmoothedcascadeintensities.Thedistortinginfluenceof theglobal
energy dependenceof the cascadeintensitiesinvolved in the analysiswas considerably
reducedby thenormalization�;� ���o���U� �"� �(� � �U� �"� �1��� � � keV), wherethespectrum�U� �"� �R��� � � keV) is constructedfrom thesamesetof cascades.Thespectrum�"� ��� is
shown in Fig. 6 asa functionof theexcitationenergy. As canbeseenfrom thefigure,the
spacingsbetweenthemostintensepeaksin thisdistributionarealmostequalandthepeaks
canbeplacedin practicallyequidistant“bands”.Thesearchfor theequidistantperiod �
wasperformedby meansof theautocorrelationfunction

� � �+�B�h� ��� �"� ���
���;� �h 1�+�
���"� �� R� �+� � (9)

with thesummationover theexcitationenergy � . Figure7 demonstratesthevaluesof the
functional

� � �o� for differentperiods� of the expectedequidistance.The two curvesin
this figure correspondto differentdetectionthresholdsof the cascades.It follows from
Figs. 6 and7 that the intermediatelevels of the most intensecascadesin ¡ ¢ ¢ Lu canbe
placedin oneor more“bands”with themostprobableequidistantperiodof � =530and/or
600keV. These“bands”aremarkedin Fig. 6.
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Fig. 7. Thevaluesof the functional £�¤ ¥+¦ for the two registrationthresholdsof themost
intensecascades:thesolidcurvecorrespondsto all resolvedcascadeslistedin Table1; the
dashedcurvecorrespondsto cascadeswith intensitieshigherthan0.1%perdecay.

Fig. 8. Thevalueof the equidistantperiod, ¥ , for § ¨ ¨ Lu (asterisk)andeven-evennuclei
studiedearlier(rectangles)asa functionof thenumberof bosonpairs, ©;ª in theunfilled
shells.The « show the ¬ ­ valuesfor the § § ® ¯ § § ° Cd nuclei. Line extrapolatesthepossible
dependence.

It shouldbenotedthattheproblemdiscussedherecannothaveanunambiguoussolu-
tion [19] if only thedataoncascadesfollowing thermalneutroncapturein asinglenucleus
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are taken into consideration.The final conclusionaboutthe confidencelevel of the ob-
served regularity can be madeonly after studyingthe two-stepcascadesfrom different
resonancesfor a largesetof nuclei.

An additionalargumentin favour of thenonrandomnatureof theobservedregularity
of theenhancedcascadesin ± ² ² Lu followsfrom ananalysisof the ³ valuesdeterminedin
the describedway for a groupof even-́ nuclei [19]. Figure8 presentsthe valueof the
obtainedequidistantperiodversuś�µ for theeven-́ nuclei.It canbeseenthattheresults
of this analysisallow for the possibility of finding the linear dependence³·¶·¸ ´;µ and
thatthevalueof ³ for ± ² ² Lu is in a rathergoodagreementwith thisempiricaldependence
[20].

4. Conclusions

The analysisof the experimentaldataon the two-stepcascadesproceedingbetween
the compoundstateandeight low-lying levels of ± ² ² Lu shows that the ¹ -decayprocess
of this odd-evendeformednucleusrevealsthesamemainpeculiaritiesasthoseobserved
earlier for the even-even,even-oddandodd-odddeformednuclei. Theseresultssupport
thepreviousassumptionsaboutthefactorsaffectingthe ¹ -decay:

(a) a ratherabruptchangeof the nuclearpropertiesat the excitationenergy of about
3-4MeV;

(b) a possibledominanceof vibrational-typeexcitationsbelow this energy which re-
sultsin a strengtheningof thewidthsof thecascadetransitionsto the low-lying levelsof
the ± ² ² Lu nucleus.The greateststrengtheningcanbe relatedto the practicallyharmonic
nuclearvibrationshaving a phononenergy of about530-560keV.
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KASKADNI GAMMA RASPADI SLOŽENEJEZGREº » » Lu I NJENEPOSEBNOSTI

Na osnovi velikog broja ¼ – ¼ sudesaod uhvatatermǐckih neutronau º » ½ Lu, zabiljězenih
pomócudvaGe-detektora,izvedenesuraspodjeleintenzitetakaskadaparovafotonaodpri-
jelazasastanjasloženejezgrepreko med–ustanjanaosamniskih ( ¾ ¿ ¿"À�ÁoÂ Ã�À�Ä Å Æ keV)
stanja º » » Lu. Analiza svih raspodjelaintenzitetaprijelazakoji su bili razlǔceni i ukupne
raspodjele,uključivši i nerazlǔcenekaskade,pokazujedaopiskaskadnih¼ -raspadaovede-
formiraneneparno-parnejezgremorauzetiu obzir snǎzanutjecajvibracijskihuzbud–enih
stanjazastanjaispod3 MeV, te nagaoprijelazod vibracijskihka kvazǐcestǐcnimstanjima
iznadteenergije.
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