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From the massof v — « coincidencegegisteredby a pair of Ge-detectorsfterthermal
neutroncapturein 176Lu, the intensity distributions of the two-stepcascadegroceeding
betweerthe compoundstateandeightlow-lying (122 < E,, < 637 keV) levelsof 177Lu
were obtained.The analysisof the intensity distribution of all the cascadesesoled ex-
perimentallyandof the total distribution, including unresohed cascadesshaved thatthe
correctdescriptionof the cascadey-decayprocessfor the odd-even deformednucleus
shouldaccountfor the stronginfluenceof vibrational-typeexcitationsbelov 3 MeV and
anabrupttransitionfrom vibrationalto quasiparticlexcitationsabove this enegy.
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1. Introduction

The systematicsearchfor the dynamicsof the of nucleartransitionprocessgrom the
simpleststructuresf low-lying levelsto the extremelycomplex compoundstatewasbe-
gunatthe Laboratoryof NeutronPhysicsin Dubnaaboutl5 yearsago[1,2]. To obtaina
completepicture, theseinvestigationamustbe performedfor mary nucleiwith differing
parametersThis will revealboththe mostgeneralpropertiesandindividual peculiarities
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of nuclearstatesvhich occurin the cascadey-decayprocessefollowing the neutronres-
onancecapture.

Theonly odd-evennucleusstudiedthusfar by the sumcoincidenceechniqués 177 Lu
[3]. However, statisticsof v — ~ coincidencesn the experimentin Rigawasvery poor.
The facility in Rez (CzechRepublic)allowed a much bettermeasurementf two-step
cascadesand considerablymoreinformationon the propertiesof this odd-ezennucleus
wasobtained.

2. Experiment

The~y — v coincidencemeasurementsf the 17Lu(n,y) reactionwere carriedout at
the LWR-15 reactorin ReZ [4]. The contentof 17®Lu in the tamget available was only
about0.2% (in a targetof 1 g enrichedin '"®Lu to 99.8%). However, the high capture
cross-sectionf thermalneutrongn 176 Lu provideddataon a sufficiently large numberof
the two-stepcascadesn 77Lu. The sumcoincidencemethodallowed the separatiorof
the two-stepcascadesf a given sumenepgy from the massof coincidencesTherefore,
the problemof isotopicidentificationof the cascadesvas unambiguouslysolved on the
groundof known dataontheschemesf low-lying levelsandthe neutrorbindingenegies
for thecorrespondinguclei(B,, = 6289.3 keV for 176Lu and7072.4keV for 177 Lu). The
only drawbackwasthatthe cascadesf the lower sum-enggiesweredetectedn a large
backgroundandthe cascadesf higherenegy wereobtainedwith thelower statisticghan
whatcouldbe achiezedwith a monoisotopidarget.
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Fig. 1. Partof thesumcoincidencespectrunfor 77 Lu. Thepeaksaremarkedby enegies
(in keV) of thefinal cascaddevels.

Figure 1 presentghe main part of the sumcoincidencespectrumof 177Lu. Figure2
shaws one of the seven intensity distributions of the two-stepcascadeserminatingat a
fixedfinal level. The pairsof correspondingeaksn thesedistributionsrepresenthe most
intensecascadesThe conditionsof their registrationwerecarefully analysecearlier Ge-
ometryof theexperimen{1,4] waschosersothatthecontritutionof differenterrorswould
be minimal andwould not bring to distortionlargerthanabout1%. Table1 lists thetran-
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sition enepies,relative intensitiesof the two-stepcascadeasthe percentagesf thetotal
intensityof thecascadeto a givenfinal level (includingthoseunresohedexperimentally).
To rejectannihilationquantathe coincidencaletectionievel (only for this normalization)
wassetat 520keV. Therelative intensitiesveretransformedo the absolutantensities(in
% perdecay)by normalizingto the absolutevaluesl,,, usingtherelation

Iyy = Iy xbr, (2)

wheretheabsoluténtensitiesl, of theprimarytransitionsvith enepies6292,5840,5766,
5730,5599,5569,5464,5321,5087,5054,4982,4882,4798and 4523 keV weretaken
from Ref. 5. The branchingratios, br, were determinedrom the standardspectraof co-
incidencesyvith the primarytransitiondisted above, which werederivedfrom recordsof
coincidentdataaccumulatedn this experiment.The total absoluteintensitiesof the cas-
cadeswith afixedsumenegy aregivenin Table2. Therelativeintensitiesof thecascades
canbetransformednto theabsolutevalues(per10* decays)y multiplying thei.,, values
by thecorrespondind.,, valuesfrom Table2.
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Fig. 2. Intensitydistribution of the two-stepcascadesf total enegy E; + E2=6950keV,
with subtractedackground.

If atleasttwo secondantransitionsdepopulatingan intermediatecascaddevel are
obsenedin theexperimentthentheenepgy E,,, of thislevel canbe determinedvith high
confidencewith the useof algorithmof Ref. 6, independentlyf corventionalmethods.
This algorithmusesthe maximumlik elihood methodwith the multidimensionainormal
distribution asthe likelihoodfunction, andis basedon the obvious factthat the primary
transitionof the cascadegroceedingvia the sameintermediatdevel is obsened at the
samepositionin differentspectra.The E,,, valuesobtainedin this way arealsolistedin
Tablel. In the casewhenavailabledatadid not allow unambiguousleterminatiorof E,,,,
thetransitionwith higherenegy wastakenasthe primaryone.The E,,, valuesobtainedn
thisway arealsolistedin Tablel in braclets.
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TABLE 1. A list of enegies, E, and E;, of measuredtascaddransitionsandtheir
relatie intensities;.., = Ai., in percentof the total intensity of the two-stepcascades
which have thesametotal enegy. Ey £ AEy is theintermediate-leel enegy. Ey is the
enegy of thefinal level of the cascades.

Er, (keV) [ Es, (eV) | iy (Biny) | En(AEw) (keV)
E; + E, = 6950.8 keV; E;=121.6keV
58415 | 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)
57435 | 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)
E; + E; = 6922.0 keV; E;=150.4keV
5905.0 | 1016.9(5) | 1.05(34) 1167.7@)
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)
49625 | 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)
E; + E; = 6803.6 keV; E;=268.8keV
6253.9 | 549.7(4) | 0.57(13) 818.2(4)
5605.9 | 1197.7(4) | 0.92(21) 1466.6(8)

Tablel. (continued)
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Ey, (keV) | By, (keV) | irr(Airs) | Ear(AEn), (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)
43085 | 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)

E; + E; = 6783.4keV; E;=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() | 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)

E; + E; = 6631.7 keV: E;=440.6keV
6254.6 | 377.1(4) | 0.35(8) 818.2(4)
5730.1 | 901.6(2) | 1.92(25) 1342.3(3)
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Ey, (keV) | By, (keV) | irr(Airs) | Ear(AEn), (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)
53945 | 1237.2(4) | 0.56(14) 1676.7(19)
5323.2 | 1308.5(2) | 1.86(25) 1749.3(3)
51915 | 1440.2(5) | 0.48(13) 1881.1(4)
47875 | 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)
42146 | 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 | 2225.06) | 0.76(23) (2665.3)
4232.4 | 2399.3(5) | 0.67(22) (2839.6)

E, + E, = 6620.8 ke, ;=451 5keV
59045 | 716.3(4) | 0.43(11) 1167.7@)
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 | 1892.05) | 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)

Tablel. (continued)
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E., keV Ey,keV | iy, (Aiyy) | Ex(AEy), 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)

E, + E, = 6436.2keV, E;=636.2+637.keV
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| 1496.94) | 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 17"Lu observedn the (n, 2v) reaction

From a comparisorof the datalistedin Table 1 with the availabledataon the decay
schemege.g.,with the NNDC file), it follows thatthe 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 werenot obseredin previousexperimentsThe
valuesgivenin thebracletsaretheabsolutentensitiegper10* decays)pf thecorrespond-
ing cascadesThe quantaorderingfor thesecascadesand enegiesof their intermediate
levelsweredeterminedn mary casen conditionthatthetransitionof the higherenegy
is primary. All of the possiblestatesof 177Lu listed above (exceptfor the 1461and1506

FIZIKA B 7(1998)1, 37-54 43



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

keV levels) were obsened for cascadesvhoseintensitieswere closeto the registration
thresholdof theexperiment(L. ~ 10~*). Eachof the 1461and1506keV levelsis excited
by two cascadesandtheselevels mustbe undoubtedlyincludedin the decayschemeof
177|_u. For the othercascadesye cannotexcludepossibility thattheir primary transitions
areof lower enegiesandthattheirintermediatdevelsarelying above 4 MeV.
Thedataonthelevelslying abose 2.2 MeV have beenobtainedor thefirst time.

TABLE 2. Total experimental 75, andcalculated,[g‘;’, intensities(in % perdecay)
of thetwo-stepcascades "7 Lu. E; + E, is thesumenegy of thecascades]7 andEy
arethespin, parity andenegy of thefinal cascaddevel.

E, + E» E; Tz Iz I
keV keV [10] [ [12]
6951 121.6 92" 1.7(1) | 0.7 | 08
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) | 11| 1.4
6436 | 636.2+637.1 15/2F,15/2~ | (2.0) | 1.3 | 1.7
Sum 14.1(10)| 7.1 | 86

2.2. Dependencef theaverage intensityof cascade®n excitationenegy

At presentno methodallows the determinatiorof the quantaorderingin the obsened
cascadesNeverthelesspnecanapproximatelydecomposéhespectraseeFig. 2) into two
componentsvhich corresponaxclusively to primaryor to secondaryransitionsusingthe
shapeof the dependencef transitionwidths andlevel densityon the excitation enegy.
The methodof decompositiorsuggestedn Ref. 7 is basedon the fact that belov some
excitation enepy (its value dependson the statisticsof countsin the peaksof the sum
coincidencespectrumit wastakenequalto 3 MeV for 177 Lu), the spectrunconsistsof:

(a) anumberof well resoheddiscretepeaks(correspondingascadearelistedin Ta-
ble1),and

(b) acontinuousow-amplitudedistributionrelatecto thelargenumberof low-intensity
cascades.

It is assumed7] thatthe excitationenegiesof intermediatdevelsof the cascadesatisfy-
ing the condition(a) E,,, < 3 MeV, andfor thosesatisfyingthe condition(b) E,,, > 4.07
MeV, aredeterminedTheintensitywithin theinterval 3 to 4.07MeV wasdividedin two
parts: half wasassignedo the cascadewith primaryenegy E; andhalf to the cascades
with primary enegy E, = B, — E¢ — E;. The enegiesof the intermediatdevels of
resohedcascadearelistedin Tablel. In the caseof unresohed cascadesheseenegies
were determinedaccordingto the equationEy; = B,, — E;. Relatve intensityof both
resohedandunresohedcascadesiasnormalizedusingthe datafrom Table2.

In accordanceavith the procedureof Ref. 7, all sevenspectrgseeFig. 2) weredecom-
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posednto two parts.Thedependencebtainedaftersummatiorof thedecomposedpectra
overall final levelsin enegy intervalsof AE = 0.5 MeV is shovn in Fig. 4.

Cascadelstedin Tablel have someregistrationthresholdL.. For this reasonguanta
orderingfor a portion of the obsened cascadéntensitiesis determinedncorrectly How-
ever, one can estimatethe maximumvalue of the sum cascadentensity for the intenal
0 < iyy < L. by constructinghe dependencef the cumulatve sums}” i.,, of there-
solved cascadesn the valuesof intensity andby extrapolationof this dependenceo the
regioniyy < L.. Theresultsof this extrapolationareshawvn in Fig. 3. The estimateshe
maximumsystematicaérrorsof the method(Ref. 7), obtainedby the the extrapolationof
cumulatve sumto ¢, = 0, areshavn in Fig. 4 togethewith statisticalerrors.
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Fig. 3. Cumulative cascadéntensitiesn 1" Lu for threeexcitation-enegy intervals: 1.5 —
2.0,2.0—2.5 and2.5—3.0 MeV vs. thecascadintensity Approximationandextrapolation
of cumulative intensitiesto valuescorrespondingo 1., = 0 is shavn by dashedines.

3. Dataanalysisandresults

Interpretatiorof thecascade-decayof thenuclearcompoundstateseflectshenonse-
lectivity of the(n, ) reaction,.e. therathersmoothdependencen enegy of theradiative
strengthfunctionsandthe exponentialdependencef the level densityon the excitation
enegy. Theresultsof the calculationof the cascadéntensitieperformedwithin themod-
elsof radiative widths[8,9] andlevel density[10] areshavn in Fig. 4 by thecurve 1. This
figure demonstratea considerablaliscrepang betweenthe calculationsandthe experi-
mentalresultsfor the shape®of enegy dependenceT his discrepang cannotbe removed
with arny possiblevariation
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Fig. 4. Total two-stepcascadéntensities(in % perdecay)in 177Lu asa function of ex-
citationenepy of cascadentermediatdevels. The histogramgepresenthe experimental
intensities(summedn enegy bins of 500keV) with ordinarystatisticalerrors;the maxi-
mum possibleestimate®f probablesystematierrorsareshavn by additionalsolid curve
for excitation abose 4 MeV. Curves1 and 2 correspondo predictionsaccordingto the
modelsof Refs.10 and14, respectrely.

of themodelparameterf8-10]. Theresultsshavn in Fig. 4 wereobtainedor thecascades
terminatingatlow-lying (E., < 640 keV) levelsof 177Lu. The dataof this measurement
donotallow to draw similar conclusiongor the cascadeto the higherlying levels. How-
ever, the disagreemenbetweenthe shapewf the calculatedand experimentalintensity
distributionsof the two-stepcascadegerminatingat low-lying levels of the deformednu-
clei studiedearlier[11] is themainpeculiarityof the cascade/-decayof thesenuclei. This
peculiaritycanpossiblybe relatedto a ratherabruptchangen thefunctionaldependence
ontheexcitationenegy:

(a) of theradiatve strengthfunctions,or
(b) of thelevel densityof imtermediatdevelsin v — v cascades.
Thelatterappearso be morelikely.

3.1. Cascadantensities

The summedintensitiesof cascadeseadingto a setof intermediatestatesn,, =<
pm > AE, intheenegyinterval, AE, arecalculatedusingthefollowing relation:

byy = Cam/TA) s /Tm) < pm > AE, )

wherel'y,, andl',,; arethe partial widths of the transitionsconnectingthe levels A —
m — f, ', andl',, arethetotal radiative widths of the decayingstates\ andm, respec-
tively, and< p,,, > is themeanlevel densityin theenegy interval AE.

Equation(2) shavsthatintensitiesof cascadefor agivenenengy interval of intermedi-
atelevelsaremainly determinedy thedensityof excitedstatef thenucleusunderstudy
This conclusiondirectly follows from Eq. (2) if onetakesinto accountthatratiosof the
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partial widths of the primary andsecondaryransitionsto the total y-widths of the states
A andm, respectiely, areinverselyproportionalto the densityof theselevels. Variations
of the modelsof radiative widthsfor the primaryandsecondaryransitionsaffect cascade
intensity considerablyless[2]. Thus,the intensitiesof the two-stepcascadesre rather
comple, but onthewholeinverselyproportionalto the densitiesof the excited states.

Thereforetheobseneddisagreemerietweertheexperimentatascadintensitiesand
themodelcalculationgTable2 andRef. 2) shouldbe relatedto thefactthatthe obsered
densityof intermediatdevelsis considerablyessthanthe valuespredictedby the model
of Ref. 10.

10000 [

1000

Levels
)
o
1

ISR R R AR AR RN &
0 1 2 3 4 5 86 7
Excitation energy, Mev

Fig. 5. Numberof obseredlevelsof the mostintensive cascades 77 Lu (Tablel) for an
excitationenegy interval of 100keV. Curves1 and?2 representhe predictionsof models
of Refs. 10 and 14, respectiely. Histogram3 is the estimation[12] of the level density
from the shapeof the distribution of cumulatize sumsof cascadéntensities.

The comparisorbetweerthe experimentaland calculatedevel densitiesfor 177 Lu is
shavn in Fig. 5. The experimentaldatashowvn in this figure correspondo the cascades
with i, > L, andcover intermediatdevels with J = 11/2,13/2, and15/2 of both
parities.As canbe seenin Fig. 5, a significantdiscrepang betweenthe experimentand
calculationswithin the modelof Ref. 10 is obsened above the excitation enegy of 1.5
MeV. Usually, suchdiscrepancieareexplainedas“omission” of levelspopulatedby cas-
cadeswith i, < L.. However, the obsered intensities,which areregularly above the
resultsof calculationsaroseddoubtsaboutthe validity of the modelof Ref. 10 for the
considerechuclei. The authorsof Ref. 12 verifiedit for morethan30 nucleiin the mass
region144 < A < 200 usingthe dataon the cascadéntensities The analysiswith amin-
imum possiblenumberof assumptionganbe madeusingthe summedntensitiesof all
cascadeproceedingria the sameintermediatdevel. As shavn in Ref. 12, the dispersion
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of thecorrespondingumsis determinedo morethan85-90%by thedispersiorof thedis-
tribution for randomintensities;;, of the primarytransitionsof cascadesAssumingthat
the distribution of 4; in a sufficiently narrov enegy interval follows the PorterThomas
distribution [13] to anacceptablgrecisionwith themeanvalue< ¢; > andrelative dis-
persionof 2, theauthorsof Ref. 12 estimatedhe probablenumberof “missing” levelsin a
ratherwide interval of the excitationenegy of heary deformednuclei. An approximation
of the distribution of cumulative sumsof cascadentensities(seeFig. 3) was used,with
threemain free parametersthe summedntensity the numberof cascadesvolved and
theratio betweerthe meanintensitiesof the E1 and M 1 primarytransitions.

Theresultsof the bestapproximatiorareshavn in Fig. 3, andthe maximumpossible
numberof intermediatdevelsin 177 Lu for theinterval from 1.5to 3.0 MeV is presented
in Fig. 5 (histogranm).

Thesedata,togethemwith the datafrom Ref. 12, indicatethatthe traditionaltreatment
of deviation of level densityobsenedin the (n,y) reactionfrom the exponentiallaw [10]
as“omission” of levelscontradictotherconventionalnotionsaboutthis reactionsuchas:

(a) thenon-seleciiity, and/or
(b) the PorterThomaddistribution for thereducedwidths of primarytransitions.

At present,t is impossibleto determinewhetherthis discrepang is causedby the
deviation of the total level density(in the presenicasefor afixed intenal of level spins)
from the exponentiallaw of Ref. 10 andothersimilar models,or by the strongselectvity
of the(n,y) reactionlf the(n,~) reactionis really selectve, thenthecorrectdescriptiorof
the~-decayprocessanbe achiezed only within the framework of the modelapproaches
which predictlevel densityandradiatve widthsin theenegy interval upto B,,, separately
for groupsof levelsdifferingin their structure.

Namely a modelis requiredthatwould reproducehe typical dependencef the cas-
cadeintensitiesfor deformednucleion the excitationenegy shown in Fig. 4. It shouldbe
notedthatno realisticmodelfor the radiative strengthfunctionsis known which couldre-
producethevaluesof cascadéntensitiesandtheir functionaldependencenthe excitation
enegy with hoghprecision.

3.2. A simplenew modelof nuclearlevel densities

The level densitymodel suggestedn Ref. 14 assumesn abruptchangeof nuclear
propertiesddueto the second-ordephaseransitionfrom the boson-typesxcitationsto the
fermion-typeexcitations,i.e., from the vibrational excitations(phonons)o the quasipar
ticle excitations. The BCS-theory[15] predictsthe transitionfrom the superfluidto the
normal phasefor a systemof Fermi particlesat the critical temperature?,, relatedto
the correlationfunction, §, by therelation7, = 6/1.76. The level densitymodelwas
developedusingthis relationshipandwasbasedn the experimentaldatafor the thermo-
dynamiccharacteristicef a mixture of liquid *He and*He in thevicinity of thetransition
point from the superfluidto the normalstate.The transitionhasbeenstudiedexperimen-
tally in detail[16].

After an appropriateextrapolationof the superfluidpropertiesof the mixture of He
isotopedo thenumberof thefermions, V¢, andthenumberof bosons N, in thenucleus,
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onecandefine[17] thespecificheatC asafunctionof thenuclearexcitationenegyU. The
specificheatis responsibldor the distribution of enegy of the capturecheutronbetween
fermionsandbosonsandfulfils thefollowing generakequirements:

1. The specificheatof the systemis equalto the sumof the specificheatof theboson
andfermionsystems:

Ciot = C¢ + Cy. (3)

2. In thevicinity of the phase-transitiopoint “superfluid-to-normaktate”,i.e., atthe
critical temperaturd’,, the specificheatdependsogarithmicallyonU':

Cy=aln(|U, - U4|) = n(|U. = U|) in the case of U<U,, 4)
Cy=aln(|U, - Us|) — n(|U. = U|) in the case of U>Uu., (5)

whereU, is a model parameteexpressingthe enepgy of the systemat T,. U; and Us
determinethe excitationenepy interval wherethe superfluidpropertiescanaffect the -
decayprocess.

For a mixture of Boseand Fermi particles,U, mustbe smallerthanthe enegy U?
of the phasetransitionfor a pure Bose-condensat@ure *He system).It dependson the
proportionof Ny andN, asfollows[18]:

U, = Ug X (1 - 7')4/3, (6)

wherer = N¢/(Ny + Ny).
Accordingto this model,nucleartemperaturés definedas:

~ U
T=——. 7
valU + Cy "
Theeffective nuclearexcitationenegy of the Fermisystemis givenby
U; = aT?2. ®)

As aconsequencéhe “re—determined'temperaturdN“ andthe effective excitationen-
ergy Uy aresmallerthanthecorresponding” andU valuesusedn thecorventionalFermi-
gasmodels Also, thelevel densitydeterminegccordingo thenew modelis lessthanwhat
is predictedby the Fermi-gasmodelor by thelevel densitymodelwith a constannuclear
temperature.

It shouldbenotedthatthelogarithmicdependencef thespecificheatonenegy, which
appearsn thenew model,leadsto anabruptdecreasef thelevel densitywithin a narrov
enepgy intenal. Thespecificheattendsto infinity in thevicinity of U,. Most probably this
situationdoesnot completelycorrespondo reality becausehefinite sizeof nucleusand
thefinite valueof the excitationenegy mustrestrictthe increaseof the specificheat.But
thecorresponding@nepy interval is rathemarrow (Fig. 5). Thisis why onecanexpectthat
theeffectunderdiscussiodoesotconsiderablynfluencethecalculatedcascadéntensity

FIZIKA B 7(1998)1, 37-54 49



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

3.3. Comparisorwith experiment

Curve 2 in Fig. 4 representshe resultsof the calculationwithin the model of Ref.
14. As seenin thefigure, the modelreproduceseasonablyvell the shapeof the cascade
intensitydistributionandimprovesthequantitatve agreementrhemodelparametersised
in thecalculationare:U; = 1.2 MeV, U; = 3.84 MeV, a = 1.3 andr = 0.45. They arein
agoodagreementvith the correspondingaluesobtainedfor othernuclei.
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Fig. 6. The dependencef the intensities(% perdecay)of the resohed cascadesstedin
Table 1 on the excitation enegy. Possible'bands” of practicallyharmonicexcitationsof
thenucleusaremarked. The parametes = 25 keV wasused.

Table2 compareghetotal intensitiescalculatedwithin the modelsof Refs.10 and14
(in % per decay)to the experimentalvaluesfor the two-stepcascadesThe calculations
were performedfor the compoundstatewith J™ = 13/2~. As canbe seenfrom the
table,the modelsuggestedn Ref. 14 providesa betteragreementvith the experimental
datathanthe modelof Ref. 10. However, in orderto reacha reasonabl&orrespondence
betweenthe experimentand calculationswithin the nev model, it is necessaryo lower
thelevel densityabove theexcitationenegy of 3 MeV and/orto increasadhewidthsof the
secondaryransitiongo the lowest-lyinglevels(this shouldprimarily bedonefor cascades
to levelsof positive parity).

The main discrepang betweenthe model of Ref. 14, andthe corventionalmodels
aboutthe level densityand the radiative strengthfunctions,is mainly in the predicted
valuesof the level density The effects of superfluidity(i.e., of the re-determinatiorof
nucleartemperaturepn the model E1 transitionwidths[8] andon the cascadéntensities
areverysmall.

Figure5 shawvs the numbersof the obsered levelsin 100keV enegy intenalsasa
function of the excitation enegy. Experimentaldata(points)are comparedwith the pre-
dictionsof the corventionalback-shifted-ermi-gasmodel[10] and of the modelof Ref.
14,
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As canbe seenfrom Fig. 5, the simplemodelof Ref. 14 reproduceshe experimental
dataratherwell up to the excitation enegy of 3 MeV (without the useof a considerable
omissionof levels that are weakly excited in the cascaddransitions).Sincethis model
assumesgon the basisof the availabledata)the dominantinfluenceof phononexcitations
belown theenegy of 3-4 MeV onthe~-decayprobabilityof theeven-V deformechuclei, it
would beworthwhileto find anindependentonfirmationof this effect. This phenomenon
canappearasa regularity in the region of intermediatdevels fed by the mostintensive
cascades.

A very simplemethodallows the studyof this regularity. The absoluteintensitiesof
individualcascadegeeTablesl and2) aresmoothedn thevicinities of theirintermediate-
level enegies E,,, by the Gaussiarcurve with the parameterr = 25 keV. The sum of
thesedistributions over the total numberof experimentallyresohed cascadegjivesthe
spectrumf (E) of thesmoothedtascadéntensities The distortinginfluenceof the global
enegy dependencef the cascadentensitiesinvolved in the analysiswas considerably
reducedby the normalizationF'(E) = f(E, o)/ f(E, o = 250 keV), wherethe spectrum
f(E,o = 250 keV) is constructedrom the samesetof cascadesThe spectrumf'(E) is
shavn in Fig. 6 asa functionof the excitationenepgy. As canbe seenfrom thefigure, the
spacingdetweerthemostintensgoeaksn thisdistribution arealmostequalandthe peaks
canbe placedin practicallyequidistantbands”. The searchfor the equidistaniperiodT
wasperformedby meansf theautocorrelatiorfunction

A(T) =) (F(E)x F(E +T) x F(E +2T)) (9)
E

with the summatioroverthe excitationenegy E. Figure7 demonstratethe valuesof the
functional A(T") for differentperiodsT of the expectedequidistanceThe two curvesin

this figure correspondo different detectionthresholdsof the cascadesilt follows from

Figs. 6 and 7 thatthe intermediatdevels of the mostintensecascade#n 7’Lu canbe
placedin oneor more“bands”with the mostprobablesquidistanperiodof T'=530and/or
600keV. These'bands”aremarkedin Fig. 6.
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Fig. 7. The valuesof the functional A(T") for the two registrationthresholdsf the most
intensecascadeshesolid curve correspondto all resohedcascadeBstedin Tablel; the
dasheaturve correspondto cascadewith intensitieshigherthan0.1%perdecay
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Fig. 8. The valueof the equidistaniperiod, T, for "7 Lu (asterisk)andeven-azen nuclei
studiedearlier(rectangleshsa function of the numberof bosonpairs, Ny in the unfilled
shells. The® shav theey valuesfor the'1%:112Cd nuclei. Line extrapolateghe possible
dependence.

It shouldbe notedthatthe problemdiscussedherecannot have anunambiguousolu-
tion[19] if only thedataoncascadefllowing thermalneutroncapturen asinglenucleus
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aretakeninto consideration.The final conclusionaboutthe confidencdevel of the ob-
sened regularity can be madeonly after studyingthe two-stepcascade$rom different
resonancefor alargesetof nuclei.

An additionalargumentin favour of the nonrandormatureof the obsenedregularity
of theenhancedascades 177 Lu follows from ananalysisof the T" valuesdeterminedn
the describedvay for a groupof even-N nuclei[19]. Figure 8 presentghe value of the
obtainedequidistanperiodversush, for theeven-N nuclei.lt canbe seenthattheresults
of this analysisallow for the possibility of finding the linear dependenc& = kN, and
thatthevalueof T for 177 Lu is in arathergoodagreementvith this empiricaldependence
[20].

4. Conclusions

The analysisof the experimentaldataon the two-stepcascadegroceedingbetween
the compoundstateand eight low-lying levels of 177 Lu shows that the y-decayprocess
of this odd-ezendeformednucleusrevealsthe samemain peculiaritiesasthoseobsened
earlierfor the even-even, even-oddand odd-odddeformednuclei. Theseresultssupport
the previousassumptiongaboutthe factorsaffectingthey-decay:

(a) a ratherabruptchangeof the nuclearpropertiesat the excitation enegy of about
3-4MeV,

(b) a possibledominanceof vibrational-typeexcitationsbelow this enegy which re-
sultsin a strengtheningf the widths of the cascadéransitionsto the low-lying levels of
the 177 Lu nucleus.The greatesstrengtheninganbe relatedto the practically harmonic
nuclearvibrationshaving a phononenegy of about530-560keV.
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KASKADNI GAMMA RASRADI SLOZENE JEZGRE'""Lu | NJENEPOSEBNOSTI

Na osnwi velikog brojay — v sudesad uhvatatermitkih neutronau 176 Lu, zabiljezenih
pomatudvaGe-detektorazvedenesuraspodijelentenzitetekaskadgarovsafotonaod pri-
jelazasastanjaslozenejezgrepreko medustanjanaosamniskih (122 < E,, < 637 keV)
stanja'”’Lu. Analizasvih raspodijeldantenzitetaprijelazakoji subili razlutenii ukupne
raspodjeleukljuCivsii nerazli€enekaskadepokazujedaopiskaskadnihy-raspadave de-
formiraneneparno-parngezgremorauzetiu obzir sn&anutjecajvibracijskihuzbudenih

stanjazastanjaispod3 MeV, te nagaoprijelaz od vibracijskihka kvazicesttnim stanjima
iznadte enengije.
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