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The decay off>Eu— 1%4Gd has been studied byray singles andy— y coincidence spectroscopy using an
array of 20 Compton-suppressed Ge detectors. The primary goal of the work was to investigate the structure of
1%4Gd above 1 MeV: The outcome is the removal of 11 levels from the previously addpted decay
scheme, the addition of 40 newray assignments, and upper limits set om#&y transitions which had been
previously assigned to tht“Gd level scheme. The current results, combined with data from other spectro-
scopic techniques, indicate that states which were previously interpreted as “two-phonon” excitations are either
spurious or are shown to be of a different nature. These results provide a deeper understanding of the structure
of 1%4Gd and theN=90 isotones.
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I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The structure of theN=90 isotones in the vicinity oZ A iall duced 8F4EU obtained f
=64 has been the focal point of a very large number of ex- ' COMMErcialy produced sourceé orizu obtained from

perimental and theoretical studies. The primary motivatiodSCtoPe Products Laboratories was used for 1t?ese measure-
for this is that these nuclei are located at the center of 4Nents. The source contained6.8+0.3% Eu and
region of rapid change in nuclear shape and consequently ®-027+0.002% *>*Eu, determined as decay rates in this
rapid change in nuclear collectivity. Thus these nuclei havestudy, and had a strength ef5 uCi. The source had an
been regarded as among the most challenging for models thactive diameter of 3mm and was mounted on 9 mg/cm
aim to achieve a general description of nuclear collectivity. Kapton with a 0.254 mm aluminized Mylar cover and was in
Despite detailed experimental data on the strikingly simi-the form of evaporated metallic salts.
lar bands built upon thej0 05, and 2 states of theN=90 Gamma-ray singles angi-y coincidence measurements
nuclei, °Sm and*/Gd (cf. Fig. 1), there has been recent were carried out using the “8spectrometer[8]. This spec-
controversy[3-5] regarding which nuclear models best de-trometer is an array of 20 Compton-suppressedd® de-
scribe the structure of these nuclei and otNer90 isotones.  tectors arranged such that the 380 twofold coincidence com-
We have initiated a prograifi] of detailed spectroscopy to pinations for the array corresponded to angles of 4168°
provide additional data which might better discriminate be-pairg, 70.5° (120 pairg, 109.5° (120 pair3, 138.2° (60
tween the various mode(see[3-5] and references thergin  pairg, and 180.0920 pairg. The detectors had nominal ac-
In particular, we have focused on the other collective stategve volumes of 115 cf typical front-face diameters of
above 1 MeV, where multiphonon excitations can be ex51.5 mm, and 0.3uam Ge dead layers. The source-to-
pected. detector distances were 22.0 cm. No absorbers were placed
As illustrated in Fig. 1, besides the bands built on the O in front of the detectors and no shieldirigther than that
05, and 2 levels, the adopte@?] level scheme for>'Gd  provided by the BGO crystals used for Compton suppres-
shows a wealth of collective states below 2 Metates la-  sjon) was used to attenuate room background.
beled as “othen. Indeed, one study7] of the radioactive Gamma-ray singles ang-y coincidence events were re-
decay of'>*Eu to 1*4Gd suggests that several of these levelscorded concurrently in a run lasting 240 h. Single-detector
can be organized into two-phonon bands built upon the Oevents were scaled-down by rejecting 23 out of every 24 of
(“pB-vibrational”y and Z (“y-vibrational’) states. Because these events in the trigger logic. This was done to reduce
these states, and many of the other state$18d (cf. Fig.  dead time in the data acquisition system so that coincidence
1), have been reporte@2] in the decay of**®Eu (Ty,  information was maximized. Data were recorded event-by-
=8.6 yr,Qz=1968.5 keV, detailed spectroscopy of this de- event on magnetic tape and were subsequently scanned to
cay held the most promise for investigation of eXCitatiOI’]Sprovidey_ray singles and/— y coincidence spectra. The data
built on the underlying structure of tH¢=90 isotones. obtained contained 1.0010° y—y coincidence events and
2.38%x 1(? singles events.
Calibration for energies and intensities of lines in the
*Deceased %9y decay was achieved “internally,” i.e., use was made of
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20F o I1l. DATA ANALYSIS AND EXPERIMENTAL RESULTS
o B, Pees e All y-ray spectra andy-y coincidence matrices were
6.... === produced using the computer progr&nsorT[9]. The data
151 g+  O%n DL 1 for each of the 20 detectors in the array were matched in
. T4 g:— (T — energy using a linear transformation and matched in time
B 4r_ ST — using an offset in order to correct for drifts in acquisition
1.0f . a— ] electronics. TheRADWARE software packag§lO] was used
6t §+— ULl to analyze coincidence and singles data.
— The y-ray singles spectrum obtained in this work is
S 054 1 shown in Fig. 2. Peaks in the singles spectrum were fitted
= with a skewed Gaussian shape using the progeas[10].
S 2t 154Gd Corrections in peak areas were made to account for coinci-
2 0  0— N dence summing, angular correlation effects, and the presence
'Y 20F 7. of background radiation. Besides the aforementiot&Eu
2 & v = and®*Eu source contaminants, only peaks from room back-
S 1or 8- o ST ground(*K, ®Co, 1¥'Cs, 20/Bi, and the?*2Th and?*& de-
i 1.5} 4;"' . cay seriepwere present in the singles spectrum. The low-
6r... o . energy “cutoff” was~30 keV (the GdK x rays are at 42.8
8t o ot and 48.8 keV.
10} AT | A y-y coincidence matrix was constructed by setting a
. B other 48 ns time gate for prompg—y coincidences, then subtract-
6— o ing a delayed-time coincidence matiiwith a time gate of
05} ] the same widthfrom the prompt coincidence matrix in order
a— to remove random coincidences. Using the progesoLsR
ot 1528 m [11], peaks with multiple components were identified and a
olor— i level scheme was constructed from ey coincidence ma-

trix. Compton artifacts from strong transitions in the decay

FIG. 1. A comparison of the positive-parity states below 2 MeV hinderedy-ray intensity measurements usiggCL8R how-
in the isotones®>Sm and*®4Gd, based on the evaluated data pre- ever, because this required changing the background spec-
sented in the Nuclear Data Sheets for these n¢Rlefs.[1] and[2], trum often. Coincidence spectra were therefore generated us-
respectively. Below 2 MeV excitation energy,'®Gd has 23 ing the programsLicE [10] by selecting a peak gate of
positive-parity states besides the bands built on thedd and Z  appropriate channel width and subtracting a background gate
states, while!®’Sm has 13 such states. Bold lines indicate levels(suitably normalized by a peak/background ratié equal
observed to be populated #“*Eu or **®Eu decay, while dashed idth. Peaks in the resulting spectra were fitted with a
lines indicate levels observed through other methods. skewed Gaussian shape using the progean[10].

Three methods were used to determjney energies and
intensities. Only the singles measurements were used for the

the fact that the strong lines in this decay sef¢ as a  (previously listed efficiency curve calibration peaks and for
secondaryy-ray energy and intensity calibration source. Thepeaks selected for intensity normalization in coincidence
energy calibration was made with a polynomiebntaining  gates. An average of singles and coincidence measurements,
terms up to cubicdescribing keV/ch, fitted to the strongest weighted by the uncertainty of each value, was used for tran-
48 lines in the'®Eu decay. The systematic error in the en-sitions observed in the singles spectrum and in coincidence
ergy calibration is deduced to be +0.07 keV. The efficiencyspectra. Coincidence measurements alone determined the en-
calibration was made with a polynomigontaining terms up  ergy and intensity of closely spaced doublataresolved in
to quartig describing logefficiency) versus logenergy, fit- the singles spectrumpeaks obscured by Compton features,
ted to 10 strong lines in th®“Eu decay(123, 248, 592, 723, and peaks too weak to fit in the singles spectrum. An illus-
757, 873, 996, 1005, 1275, and 1494 keX systematic er- tration of situations where each method was employed is
ror of 0.7% in this efficiency curve was deduced by comparprovided in Fig. 3.
ing the calculated intensities of 18 other strong lines in the Figure 3 shows a selected energy range from thay
154y decay(188, 401, 445, 478, 558, 582, 625, 692, 716,singles spectrum and the same range from the 188 keV co-
816, 845, 851, 893, 904, 1129, 1141, 1246, and 1597 keVincidence gate. The intensity of the 349 keV transition
with the adopted?2] intensity values. (15311182 is used for intensity normalization in the co-

The long-term energy resolution of singles spectrajncidence spectrum to obtain the intensity of the 236 keV
summed over all 20 detectors, was 1.8 keV at 123 keV antine (the only other transition feeding the 1182 keV level in
3.3 keV at 1597 keV. The peak-to-total ratio as a function ofthis work), thus the singles measurement alone is used for
energy was determined using sources'¥Cs, ®Co, and  the intensity of the 349 ke ray. The intensities of the 280,
coincidence-gated spectra froM“Eu. Peak-to-total ratios 404, and 484 keV transitions are determined using a
ranged from 0.77123 ke\), 0.48(677 keV), to  weighted average of singles and coincidence data. The peaks
0.24(1597 keV. at 268 and 290 keV in the singles spectrum are doublets
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FIG. 2. The singles-ray spectrum fot>¥Eu decay obtained in the present study. Peaks marked X are x rays; A are the strong lines from

the decay off®*Eu at 86 and 105 ke\3, are from coincidence summing; and B are from room background. Energies of selected lines are
given in keV, andQ/T=1968.5 keV is indicated.

which have(unresolvedl intensities of 0.034 and 0.015, re- data. The 1275.7 keV1646— 371) transition, for example,
spectively. Coincidence intensities ©(267.6=0.011G3)  although well-established through the decay¥Tb [2,9], is
andl,(290.3=0.00412) based on the peaks in the 188 keV very weak in comparison with the 1274.5 k¢V¥398
coincidence-gated spectrum and gatesyanys below these — 123 in the decay off>¥Eu and is apparent in coincidence
transitions disentangle the components of thesays which  with the 248 keVy ray only after removing the residue of
deexcite the 2level at 1531 keV. accidental coincidences with the 1274 keVay by subtract-
ing a scaled 123 ke\-gated spectrum from the 248 keV
v-gated spectrum. Transitions moved from one location in
A. Transitions assigned to the decay of**Eu the 1%Gd decay scheme to another include the 228.3 keV
Measured energies and intensities forays assigned to transition, which is assigned using coincidence spectroscopy
the decay of>Eu are listed in Table I. All of these assign- between the levels at 1661 and 1433 keV but was previously
ments have been made on the basis of coincidence spectrd@ssigned?2] between levels at 1277 and 1048 keV.
copy and are between adoptg] levels in'%Gd and'>‘Sm.

A total of 134y rays are assigned to the decay'#Eu, of B. Upper limits on unobservedy rays
which 40 transitions are newly placed in th#Gd decay There remain a number of very weakrays adopted?]
scheme. in the decay of"*Eu— 1%4Gd which we do not observe in

New assignments in the decay BfEu are due to obser- our spectra with the reported intensities. In addition to these
vation of newy rays, resolution of peaks with multiple com- lines, we find no evidence for some transitions listed in the
ponents, and moving transitions previously assigned elseAdopted Levels and Gammag?2] which were basedin
where in the!*'Gd scheme to new locations based uponpart) on the neutron-capture studg2]. The high statistical
coincidence data. The strongest newray identified (I,  quality of our data allows us to set stringent upper limits
=0.0189 is the 349.2 ke(1531— 1182 transition. Doublet (UL) on unobserved weak transitions; these values are listed
components of transitions at 267.5, 290.0, 382.00, 545.60n Table II.

715.76, and 1274.436 keVas listed in the adopte*Eu We have used the method described by CUrt® to set
— 1%4Gd decay schemg2]) are resolved using coincidence upper limits ony-ray transitions. This is illustrated in Fig. 4
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267 54 gest of these new lines that does not coincide with a known
6x104 20502 035 ] y—+ coincidence sum peak is a 765.1 keV transition re-
T n ported to feed the 4level at 371 keV withl ,=0.463134)
I [16]; we set an upper limit on this transition of 0.0014 and
0omil suggest that this peak may have resulted from a coincidence
JUW sum of the 723 ke\h-ray transition and a 40 ke¥, x ray

349.2

4]
5x10 T 290.0 (00208)

in Gd due to internal conversion. Because of the high inci-
dence of summing in the spectra presented 8}, we do not
set upper limits on any of the peaks reported in this work
— with intensities less than that suggested for the 765.1 keV
T oomesZ 0054 38 ray; nor do we set upper limits on peaks reported in this
| | comescs) work known to have coincidence summing contributions.

iy
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3001
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279.7
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2004 IV. DISCUSSION OF EXPERIMENTAL RESULTS
290.0

0.0041 (2)

The addition of 40 newy-ray assignments and the re-
moval of 75 previously placed transitions has dramatic rami-
W fications for the level scheme 6#Gd. Our data confirm the

100

existence of three levels i*“Gd which had not been previ-
&0 — 700 © 8o 900 ously observed in the decay 8fEu and suggest the removal

Channel number of at least 11 levels from®‘Gd. These changes are discussed
below.

FIG. 3. A comparison of the singlegsray spectrunitop) with a
coincident y-ray spectrum gated by the 188 ké¥719— 1531
transition(bottom) for the energy range 260-492 keV. Singles in-
tensities(in parenthesis in the upper spectouend the measured Levels at 1182, 1404, and 1433 keV have been added to
intensities determined in this studin the bottom spectrujare  the ®*Eu— '%4Gd decay scheme. These levels are well-
presented in italics below thgray energy for transitions out of the established through other methods of spectroscopy but have
1531 keV level. All intensities are normalized such thgf1274 not been reported previously in the decay'#Eu. Each of
=100.0. The coincidence spectrum reveals for the first time thehese levels has a spin assignment which is at least two units
349 keV transition1531— 1182 and separates the components of different from that of thgJ”=3")15Eu parent. The intensity
the 267 and 290 keV doublefsee discussion in the toxt balance for each level, calculated as the difference between
. . . . . total intensity(TI=1,+ conversion electron intensityis con-
using a portion of the singles spectrum from this experimentg;qian with the expectation that these levels are populated

For a possible wealy ray, regions ofn:F_WHM+1 peak_ only through indirect feeding from levels higher in théGd
channels and r& background channels with corresponding excitation spectrum.

areasG andS, are defined as shown in Fig. 4. If the net area,

A. Level additions

A=G-B (whe_reB; nS/2m scales.t_he background counts to 1. 0 level at 1182 keV
the peak regiop is less than a critical level,.=1.64%B(1 o - )
+n/2m)]¥2, then an upper limit, ULA+1.645A+B(1 Coincidence gates on transitions feeding the levels at

+n/2m)]¥2 may be set on the peak area. This value, UL,éiéSZ Ens 1531 keVv Ii”?icﬁehf‘h? r?yé ?f 236.4 and

corresponds to a 95% confidence limit on the maximum posé%'5 edylrgggzcﬂvs/y’ ce bt IS ;\ée i ny :wc;ays, at

sible intensity of the transition in question. ~=an -9 keV, are observsee Fig. 3 to depopu-
ate the level. The intensities of the two populating transi-

Some of the UL values in Table Il have not been correcteq. L ~ L
for probable contaminants, e.g., the 296 keV line will have ions indicate a T1=0.048) feeding into the level, and a Tl

some contribution from the 2484;=296.6 keV coincidence out (bf"‘SEd on the two obs_erveyzl rays of (_J.OZQS). The
sum. An upper limit for the 123.7 keV transition listed in the Intensity bala_mce of 0.088) is consistent with exclusively
adopted [2] 15%Gd scheme is not included because the'lr;d'reCt feeding of the 1182 keV level from the decay of
123.1 keV(123— 0) vy ray dominates this region of the spec- Eu.
trum both in singles and in coincidence gates from above.
Gamma rays at 82.1 and 184.7 keV listed in the evaluated
[2] %% u— 1%4Gd decay scheme are not given in Table II A y ray of 1033.7 keV, seen in coincidence with the
because we conclude these lines have been mistakenly id48 keM371— 123 keV) transition, is the only transition
cluded with>4Gd data(the intensity values for thesgrays  observed from the level at 1404 keV. The 1034 kg'gated
in 154Sm were reported by Ref14], tabulated by Ref[15] spectrum reveals only tweg rays feeding the 1404 level: a
for the decay oft>*Eu, but included with the data fdP"Gd  new 213.1 keV transition from the 3evel at 1617 keV and
in Ref. [2]). a 241.2 keV transition from the*4evel at 1646 keV. There
A recent papef16] also reported several new lines which is a slightly positive net intensity of 0.00283) for the 1404
we do not observe with the published intensities. Most oflevel: the 1034 keV transition out of the level has a TI
these lines can be attributed $6- y sum peaks. The stron- =0.007911) and the 213 and 24% rays into the level have

2. (5) level at 1404 keV
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TABLE I. Gamma rays assigned to the decay*®¥Eu, normalized such that(1274=100.0. To obtain intensity per 108 decays of
the paren{determined by requiring 100% feediti,+ce) to the ground stajemultiply the relativel , by 0.348629). MeasurecE, andl,,
values are determined by a weighted average of singles and coincidence data, except where indicated by a superscript 1, where singles date
only have been used or indicated by a superscript 2, where coincidence data only have been used. Transitions Wijhasestewly
assigned to the decay scheme.

E, l, E E; E, l, E E;
Transitions assigned t5“Gd

123.097)* 116.0(10) 123 0 *560.7919)° 0.0018(5) 1241 681
129.6q13)? 0.0045(6) 1661 1531 569.507) 0.040(6) 1617 1048
131.567)2 0.0377(12) 1128 996 581.97)* 2.563(18) 1398 816
134.87(7) 0.023(3) 816 681 591.89)* 14.21(10) 1720 1128
146.017)? 0.0205(10) 1398 1252 598.307) 0.030(4) 1646 1048
156.28(8) 0.0247(25) 1398 1241 598.93)? 0.0010(3) 1414 816
*166.3210)? 0.0030(3) 1418 1252 602.687) 0.084(3) 1418 816
*177.0520)? 0.0020(4) 1418 1241 613.2%)" 0.2674(29) 1661 1048
180.72(7) 0.0150(20) 996 816 621.66)> 0.012(5) 1617 996
188.227)* 0.689(5) 1720 1531 625.227) 0.906(9) 996 371
*199.20(8)? 0.0029(4) 1617 1418 649.527) 0.251(5) 1646 996
203.4Qq29)? 0.0015(2) 1617 1414 664.748) 0.0751(29) 1661 996
*213.0611)? 0.0012(2) 1617 1404 669.18)2 0.0460(22) 1797 1128
218.7126)2 0.0023(4) 1617 1398 676.60)* 0.480(4) 1048 371
*228.239) 0.0059(4) 1661 1433 692.39)* 5.10(4) 816 123
232.12(7) 0.0627(12) 1048 816 *714.9016)2 0.0026(2) 1433 718
*236.368)2 0.0050(9) 1418 1182 715.767) 0.536(15) 1531 816
*241.209)? 0.0036(5) 1646 1404 723.29)* 57.6(4) 1720 996
*242.866)° 0.0117(10) 1661 1418 *737.6A.3)? 0.0065(6) 1418 681
*245.0713)? 0.0013(2) 1241 996 *740.9(16)2 0.0030(5) 1789 1048
247.947)* 19.77(14) 371 123 *749.400)? 0.0215(13) 1797 1048
*255.80(10)? 0.0079(26) 1252 996 756.817)* 12.98(9) 1128 371
*263.50(16)? 0.0029(4) 1661 1398 800.6B)? 0.061(3) 1797 996
267.4615)> 0.021(4) 1264 996 801.64.1)? 0.0177(17) 1617 816
267.548)2 0.0110(3) 1531 1264 815.517) 1.467(11) 816 0
269.658)2 0.0330(15) 1398 1128 *830.4010) 0.0179(16) 1646 816
279.65(7) 0.0092(3) 1531 1252 845.467) 1.628(31) 1661 816
289.9922)2 0.0041(2) 1531 1241 850.67)1 0.697(6) 1531 681
*290.39(11)2 0.0050(2) 1418 1128 873.27)1 34.68(24) 996 123
293.2622)? 0.0010(2) 1559 1264 880.657) 0.241(16) 1252 371
301.387)* 0.0355(10) 1720 1418 892.90)* 1.497(12) 1264 371
305.197)* 0.0588(11) 1720 1414 904.107) 2.551(20) 1720 816
*307.7(3)? 0.0011(3) 1559 1252 924.577) 0.1862(25) 1048 123
312.32(7) 0.0522(10) 1128 816 *928.2(8)? 0.0086(5) 1646 718
315.64(7) 0.0254(3) 996 6381 981.619) 0.025(4) 1797 816
322.0717)* 0.1778(17) 1720 1398 996.29)* 30.09(21) 996 0
329.95(7) 0.027(3) 1048 718 1004.76)* 51.7 (4) 1128 123
346.70(7) 0.0747(12) 718 371 *1033.7@21)2 0.0079(11) 1404 371
*349.247)* 0.0206(15) 1531 1182 1047.18)* 0.176(4) 1418 371
*352.8520)? 0.0038(4) 1617 1264 *1058.94.0)° 0.021(4) 1182 123
*365.4715)? 0.0029(4) 1617 1252 *1061.6(B)> 0.0102(30) 1433 371
*366.498)2 0.0044(10) 1182 816 *1071.124)? 0.0007(1) 1789 718
370.788)2 0.0121(4) 1418 1048 1118.277) 0.325(11) 1241 123
*378.90(27)? 0.0011(3) 1797 1418 1128.56)! 0.86(1) 1252 123
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TABLE I. (Continued)

E, l, E, E; E, l, E Eq
382.098)2 0.0272(9) 1646 1264 1140.717) 0.681(9) 1264 123
*382.4627) 0.0006(2) 1797 1414 1160.317) 0.1326(13) 1531 371
397.077)! 0.0792(18) 1661 1264 1188.147) 0.2515(18) 1559 371
401.26(7) 0.541(8) 1398 996 1241.34)* 0.352(4) 1241 0

403.49(7) 0.064(5) 1531 1128 1246.167) 2.456(25) 1617 371
*409.198)2 0.015(5) 1661 1252 1274.57)! 100.0(7) 1398 123
*421.8(8)? 0.0038(29) 1418 996 *1275.66L2)2 0.005@49) 1646 371
*426.00(13)2 0.0023(4) 1241 816 1289.88.1)2 0.0603(22) 1661 371
*436.20(11) 0.0090(16) 1252 816 1291.368) 0.063(22) 1414 123
444.51(7) 1.570(14) 816 371 1294.998) 0.0333(17) 1418 123
*448.4519)? 0.0073(11) 1264 816 1408.287) 0.071(3) 1531 123
467.927)" 0.1798(21) 1720 1252 1414.440)* 0.0148(9) 1414 0

478.247)" 0.646(5) 1720 1241 1417.88)2 0.0152(8) 1789 371
483.76(7) 0.0269(5) 1531 1048 1418.19)2 0.024(3) 1418 0

*511.60(8)2 0.0091(7) 1559 1048 1426.027)2 0.0012(2) 1797 371
517.98(7) 0.143(4) 1646 1128 1494.43)* 2.003(18) 1617 123
533.038)? 0.0530(29) 1661 1128 *1522.10.6) 0.0025(4) 1646 123
533.117)2 0.0234(14) 1797 1264 1531.335)2 0.0184(6) 1531 0

*534.867)2 0.049(18) 1531 996 1537.817) 0.1646(29) 1661 123
*545.20(14)? 0.0039(5) 1797 1252 1596.497) 5.16(6) 1720 123
546.087)" 0.025(4) 1264 718 1665.8812) 0.0058(3) 1789 123
557.53(7) 0.773(7) 681 123 1673.938) 0.0058(3) 1797 123

Transitions assigned t5*Sm
81.78(7) obscured 81.98 0 185.6%H1 0.0148(11) 266.79 81.98

a combined TI=0.005%). While we discount a reported level: if the strongesty ray assigned as deexciting a level
[12] 393 keV y ray feeding this leve(cf. Table lI), this level  reported[2] is shownnotto be so located in th&“Gd level
is at the limits of our observation and other unobservedscheme on the basis of our coincidence data, or if sugh a
weak indirect feeding of the 1404 level is possible. ray is shown to have significantly weaker intengitytensity
upper limi, we reject all subsequent confirmations of the
3. 5" level at 1433 keV level.

We observe two known transitions out of the 1433 level,
the 714.9 and 1061.6 ke rays, and determine a TI 1. Levels reported only if>*Eu decay studies
=0.012832) out of this level. The level is fed only by a Only studies of'>Eu decay have reportegrays associ-
228.3 keV(1661— 1433 transition with TI=0.0068l2),  ated with proposed levels #?Gd at 1136[14,16,17, 1233
which is observed in the 1062 key-gated coincidence [14], 1510[14,15,18, 1879[14,15, and 1895 ke\[14,15.
spectrum. These assignments indicate a positive intensityhe 1387 keVy ray is the strongest of the transitions asso-
balance of 0.00634), but unobserved rays may feed the ciated with these levels, an@ith the 1510.0 keVy ray, the
level from above, e.g., a Compton feature at 213 keV in theother transition which defines the 1510 keV levahould be
1062 gate would obscure a transition from theldvel at visible in our singles spectrum. As Fig. 6 demonstrates, these
1646 keV(although there is no evidence of such a transitionlines are not present with the reportgt#4,15 intensities.

in a gate on the weaker 715 key/ray). Indeed, we find no evidence to support any of these proposed
levels or their associated transitions and list UL values in
B. Level deletions Table Il for y rays which feed or deexcite levels at 1136,

_ 1233, 1510, 1879, and 1895 keV in the adopfajl 1>Gd
The consequences of removing a large number of Previr el scheme

ously reportedy rays from the'®“Gd scheme, based upon the
upper limits we have set, are profound. Many state$1ad,
originally proposed as populated in the decay'tEu, are
found to be unsupported by our data. We adopt the following Levels in1%Gd at 1277, 1839, and 1861 keV were first
criterion for refuting the existence of a previously adoptedproposed14] in a *>*Eu decay study and were reported to be

2. Levels only reported if®/Gd decay and (py) studies
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TABLE I1. Intensity upper limits, UL, fory rays listed in the evaluatg@] data for'>“Gd which were not observed in this study. These
limits may be compared with intensitid%}DS, from: A: the evaluated2] y-ray intensity for'>Eu decay; B: the intensity calculated from the
evaluated 2] relative intensity(Rl) and intensity of the strongest observeaut of the level(reference transition is listed y,); and C:
intensity calculated from the evaluatg?] RI's and the intensity of the-1170 keVy rays. Upper limits are set at the 95% confidence level
using the method of Currigl3] (cf. Fig. 4 and discussion in the tgxtntensities are normalized such that1274 = 100.0.

E, uL 1N°s Source E, uL 1N°S Source E, uL 110S Source
112.1 0.0003 0.004 C 375.2 0.0020 0.0056 A 1023.0 0.0004 0.0190 A
116.9 0.0010 0.007 B351) 392.9 0.0001 0.17 B301) 1049.4 0.0042 0.0493 A
120.2 0.0002 0.0002 BL29]) 394.2 0.0004 0.011 8650 1072.2 0.0039 0.0100 A
122.7 0.0014 0.002 81047 414.3 0.0161 0.0142 A 1110.0 0.0049 0.0080 A
124.0 0.0020 0.002 81047 419.4 0.0021 0.010 A 1124.2 0.0123 0.0197 A
125.4 0.0020 0.020 A 463.9 0.0003 0.0122 A 1136.1 0.0030 0.0211 A
159.6 0.0013 0.38 B723) 480.2 0.0024 0.001 C 1153.1 0.0033 0.0310 A
159.9 0.0011 0.0030 A 480.6 0.0032 0.0138 A 1170.0 0.0031 0.0104 A
162.1 0.0010 0.0031 A 484.6 0.0026 0.0113 A 1171.2 0.0030 0.0104 C
165.9 0.0021 0.0071 A 488.3 0.0027 0.020 A 1172.6 0.0030 0.0104 C
195.5 0.0014 0.0060 A 506.5 0.0007 0.0180 A 1216.8 0.0042 0.0096 A
197 0.0014 0.0045 A 510.6 0.0217 0.017 A 1232 0.0027 0.0230 A
209.4 0.0042 0.0071 A 555.7 0.0005 0.11 (@) 1252.0 0.0015 0.0446 BL129
227.6 0.0008 0.005 B650) 563.4 0.0031 0.008 A 1316.4 0.0391 0.0500 A
229.0 0.0016 0.0069 A 597.5 0.0006 0.0158 A 1387.0 0.0056 0.0550 A
237.7 0.0006 0.0180 A 642.4 0.0010 0.0130 A 1400.0 0.0002 0.0090 A
260.2 0.0015 0.0062 A 650.6 0.0005 0.0282 A 1490.2 0.0002 0.0082 A
274.0 0.0024 0.0111 A 774.4 0.0025 0.0240 A 1510.0 0.0030 0.0137 A
283.0 0.0017 0.0173 BL189 790.1 0.0009 0.0300 A 1522.0 0.0002 0.0017 A
296 0.0041 0.0040 A 898.4 0.0007 0.0056 A 1554 0.0011 0.0032 A
299.2 0.0028 0.0030 C 906.1 0.0023 0.0338 A 1716.9 0.0004 0.0017 A
308.2 0.0016 0.0068 A 919.2 0.0032 0.0350 A 1773.0 0.0006 0.0009 A
320 0.0023 0.0028 A 923.1 0.0032 0.0078 C 1796.3 0.0002 0.056 (80B
351.7 0.0060 0.19 B650) 984.5 0.0036 0.027 A 1838.0 0.0007 0.0024 A
368.2 0.0022 0.0085 A 1012.8 0.0043 0.0080 A 1895.0 0.0002 0.0018 A

confirmed based upon Ritz combinations in(@ny) study els adopted2] at 1293.59, 1294.17, and 1292.7 keV. The
[12] (although no primary capture rays are reported to first work [14] to suggest such a state proposed” atate at
these levels Other confirmations have come from reports of 1292.7 keV based on assigned 612 and 1170 keV transitions
transitions associated with the levels at 14718,19, 1839  out of the level andy rays of 126 and 237 keV feeding the
[15], and 1861 keV[15]. The work by[15] includes a de- level. Asubsequent study of the decay'®fTb [20] disputed
tailed comparison ofy rays emitted in'“Eu decay which the placement of thisOstate, suggesting instead an energy
lists also that 1717 and 1838 keV transitions were observeff 1295.8 keV based upon assgnment of a 615.1 &V
[17] associated with the 1839 keV level. However, Table 1 inTom the level. Another study of*Gd decay[21] rejected
Ref.[17] and the statement, “npray associated witflevels the 615.1 keMVEO assigned if20], sugggstlng instead a Ievgl
adopted[2] at 1277, 1510, 1699, 1839, and 1895 kavas at_ 1295.1 keV based upon K conversion electrons associated
observed in our measurements,” indicates that this listing j@ith 1172.1 and 1295.1 keV transitiofalthough[21] con-
in error. Based upon coincidence data, we have placed trai$iders the possibility that the 1295 & may be associated
sitions associated with these levels elsewhere in the decaxclusively with the 1418123 transition. The lack of pri-
scheme(cf. y rays at 228, 367, and 904 keV in Tabjeand ~ Mary capturey rays feedmg any Ieyel at1294 keV is cited
have set UL valuegcf. Table Il) for transitions that we do @S & reason for expressing “considerable doubt” about these
not observe. We find no evidence in our data to support thé€Ve!s in an(n,y) study [12]. However, it is suggestef2]
1277, 1839, and 1861 keV levels. that if one assumes a" and based on levels at 1295 and
1418 keV, then a®2at ~1300 keV might be expected as the
2* member of a band built on the" Gevel at 1182 keV, and
3. Levels at 1293.59, 1294.17, and 1295.467 keV this study presents a probable decay pattern fof e\l at
The entangled history of a les) at ~1294 keV with  1294.2 (based onvy rays of 112.1, 923.1, 1171.2, and
J™=0" or 2" complicates any separate discussion of the levi1274.2 ke\f and a 0 level at 1295.%based on transitions of
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] 1188.1 1531, 1646, 1699, and 1702 keV. Table Il lists UL values for
' 9:251 all of those transitions except the 404.3 and 407.8ys
which will be discussed in Sec. IV B 4. Upper limits for the
~123 keV lines were calculated from background fluctua-
14000 ek region t@ons in cqincidence gates on the 301 and 305 keV trans_i-
gross count, 6 | tions feeding the 1414 and_ 1418 keV states. We find no evi-
dence of doublet structure in these gaiscept a very small
10000 n 122 keV line in the 243 keV gate from thg 2: 0] transition
m m N in 132Sm) and we determine that the intensity of the 123 keV
=" background correction, B = nS/2m . . . .
6001 Background B . o y ray is consistent with that_gxpe_cted for secondary coinci-
region sum, § <_| rietieresin'pssk reglom=ic-B dences with the 123.0 transition in the ground state band.
The adopted?2] 0* state at 1295.467 keV is a result of the
2000 (n, y) study[12]; however, this level should be populated in
N B decay if the next state in the presumed bdhd., the
2520 2340 2360 2380 1418 keV level is populated or if higher Ostates are ob-
Channel number served to be populated. The 1418 keV level is populated in
FIG. 4. An illustration of the data used to establish an upperthis work, but none of they rays associated with the
intensity limit for ay-ray line by use of the method of Curij@3]. 1295 keV state are observedf. Table Il). Similarly, the

16000

Counts per channel

This figure is discussed further in the text. 1418 keV state is observed to be populated in a study of the
(J=3) B-decaying isomer of 1295 kepd,22], but there is no
247.9, 299.2, 480.2, 1172.6, and 1295.1 keV evidence of transitions associated with a state 5294 keV.

The level scheme adoptg@] for **Gd includes a2)*  Fuyrthermore, in a stud§9,22] of the low-spin A-decaying
level at 1294.174 ke\assumed to be the same as " isomer of 154Tb (J7=0), no observable population of the
1293.59 level listed in the scheme adopted for the decay of295 keV state is discernable, while excitetl §tates at
%Eu in the evaluatiohand a O level at 1295.467 keV. 1574, 1650, and 1836 keV are observed to be populated.
Gamma rays of 112.1, 165(265.9, 923.1, 1171.21170.0,  This lack of evidence foB decay feeding of a Ostate at
and 1294.2 keV are assigned from the 1294293.9 state. 1295 keV and a 2state at 1294 keV, when combined with
The 1295.5 level has assignedrays of 299.2, 480.2, and the absence of primary captuyerays feeding these low-spin
1172.55 keV(as well as a 1295 ke\EO transition with a  states in thén, y) study[12], indicates that there are né Or

smaller branching fraction than that assigned®]). 2* states at~1294 keV inl54Gd.
We find no evidence in our data to support any |ésyedt
~1294 keV. Each of the proposed levels at this energy has 4. Levels at 1698.2 and 1702.0 keV
an assigne@?] ~1170 keVy ray with a relative intensity of Inelastic deuteron scatterii@3] first revealed a level at

100 out of the level; an illustration of the limits set on the —1700 keV, but this statdike the ~1294 keV levels has
population of these levels is found in Fig. 4. This is thehad a complicated past. Citing the; d’) results, a studyl14]
region selected to illustrate the method used to set UL valuegs 154y, decay tentatively proposed &%) level at
Upper intensity limits for the~1170 keV y rays and the
other transitions(at 112, 165.9(~1294—1128, 299.2,
480.2, and 238 keVwhich define these levels are listed in i 14941

Table II. 4000 * ] 15378

The adopted®iGd level[2] scheme listsy rays at 120.2,
122.7, 124.0(125.4, 237.7, 351.7, 404.3, and 407.8 keV
feeding levels at~1294 keV from states at 1414, 1418, B gy

B

180 188.2 g

160 ‘g 2000
759140 S
§120
; 100 1058.9 1000
g 80 L
g 60 366.5

40 2800 2900 3000

20 ! ! L l channel number

350 450 550 650 750 85vaM

2100 2200 ) ) )
FIG. 6. (Color onling Evidence from they-ray singles data that

lines adopted?2] at 1387 and 1510 keV are spurious; dashed lines
FIG. 5. The coincidenty-ray spectrum associated with the indicate the reported intensities of these transitions. The spectrum
349 keV(1531— 1182 transition. This establishes for the first time also shows the strongest coincidence sum geak 397.6 1397.6
that the 0 1182 keV level is populatedndirectly) in the decay of =3123+1274 keV in the spectrum and the strong room back-
=T ground peakat 1460.8 keY from “%K.

channel number
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TABLE lIl. Relative intensities fory rays assigned to levels at Our result§9,22) from the decay ot>*Tb indicate the stron-
~1700 keV. The refutation of the 1294 keV level is discussed ingest line out of the 1701.3 keV level should be a 1701
Sec. IV B 3, but assignments by others to this level are included for, 1048 transition at 653.7 keV, and we determine an UL of

comparison. Level energies are expressed in keV. <0.001 in the 677 keV gate for thig ray.
Ex 1701.3 1698.9 1702.0 5 1770.5 keV level

E; [9,22 [25] [2] While the adopted?2] 5* level at 1770.182 int>4Gd is

1646 70 well establishedour study[9] of the J=3,7 B-decaying iso-

1418 20 12 mers of 15Tbh decay populates this leyelwe find no evi-

1294 17 72 dence for its population iﬁ54Eu_ decay. The 506.5, 642.4,

1252 4 gnd 1400.0 keVy rays out of this level ha\{e been observed
in other methods, and reportgt4,15,17,19in the decay of

1128 9 %9Ey, We do not observe any of these transitions in this

1048 100 20 study (cf. Table Il). The strongest deexciting transition of

816 10 43 774.4 keV(1770— 996,[ M3] multipolarity) is reported only

718 91 100 in the decay of'®Fu [14,15,19 and has an adoptd@] in-

371 65 100 tensity of 0.024; we calculate an intensity UL &f0.0043

123 12 59 from our singles spectrum and determine an UL value of

<0.0025 for a 1776-996 transition based on coincidences
with the 996 keVy ray (cf. Table ).

1698.3 keV based upon the assignmentyofays at 650.6
(fitted as a weak component of the 649.5 keV transjtion
981.3(placed without an intensifyand 1327 keMassigned C. Population systematics
only as an intensity upper limitA level at 1704 or 1705 keV Detailed reasons for i ; ;
guestioning the populatiand in
was Iater_suggeste[d4] based uportd, t) and(*He, ) reac- some instances, the existencd levels at 1136, 1233, 1277
tion studies. Levels at 1698 and 1702 keV were then asj,g4 1295 151’0 1698. 1702. 1770. 1838 ,1861 ’1879 :,de
i??ng(ijlé r\allys of 280'4]; 4%0742'33’ %53821 58E3\3 1327'?.’ é}ndlSQS keV have been presented in Sec. IV B. Intensity upper
in th '( e) atnccljyralys or < 'R.fm b" t'e ’ relspec lvzy’ limits presented in Table Il, when summed over the transi-
'g 2 2(]3 2%715;% yd[es]aUSICvge r:;vgomm:g: d'or;f' 42vilS:t Y tions assigned out of each level and compared with the ex-
[9, Y P pected population of these levels based on adojeithten-

1701.3 keV. o . ; . .
. . sities and internal conversion coefficients, provide
The deduced spin of the adoptgd] states(4") for the compelling evidence that these levels are not populated in

1698.5 keV level and3,4)" for the 1702.0 keV level, pre- yq gecay of5%Eu. In Table IV we present the results of such
clude feeding from a primary capturg ray in the (n,y) 3 comparison for levels which haverays assigned in the
study[12]; thus .the_re is no direct evidence of two levels atadopted 2] 15%Eu decay datéthe 1295 level is included due
~1700 keV. Coincidence spectroscopy data int&b de-  {g the possibility that the state could be fed throughays
cay study[9,22 indicate only one 4 level at 1701.3 keV  3ssigned to other levels in the decay scheme
and show no evidence for a 176841294 transition which The upper limit population intensities presented in Table
would correspond to the 404.3 and 407.8 keV transitions asy are presented graphically, with the population intensity of
signed[12] through Ritz combinations to support levels at g)| |evels observed in this study, in Fig. 7. States adop#d
1998.5 and 1702.0 keV. We suggest that the assignmenig 1136, 1294, 1699, 1838, 1861, and 1895 keV which would
[12] for the 404.3 and 407.8 kely rays are in error, and haye a spin change of 1 or less from {helecaying parent
therefore these assignments should not be considered as aé4=; are shown to have population intensitigpper limitg
ditional evidence in support of the-1294 keV levels(cf.  that are 1 to 2 orders of magnitude smaller than the observed
Sec. IVB 3. _ states that would be classified as allowed and first-forbidden
We find no evidence that a leysl at ~1700 keV has g decays. With the exception of the level at 1770 ki
been populated in this work. However, as shown in Table lll,state well-established from the decay BfTb and from
the relative intensities foy rays out of a level at this energy (, 2ny) studieg, the results presented in Table IV and Fig. 7
disagree and the energy of the strongest line out of th@rgye for the removal of the levels listed in Table IV from
1700 keV level could be disputed. Only a 650.96ray  the 1543 |evel scheme. Based upon the arguments presented
(1699— 1048 with an intensity of 0.0282 has been adopted, sec. VB 4, it is recommended that the adopte]

[2] in the decay of***Eu, and we set an upper limit of 1702 keV level should also be stricken from tH&Gd
<<0.0005 for this transition based on coincidences with thescheme.

677 keV y ray. The 1702 keV level is not in the evaluated

[2] ®Eu decay scheme; however, an unassigned line at s "

984.5 keV(1,=0.027 in the evaluated2] >Eu decay data D. **Eu— 1*Gd decay scheme

set is at the same energy as the strongesty assigned12] Based upon they ray intensities listed in Table | and
to this level (1702—718); we present an intensity UL for conversion coefficient datévalues listed in[2] are used

this transition based upon our singles spectrum in Table lwhere available or computed usiAgicc [26]), the intensity
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TABLE IV. Upper limits (UL) for population of levels in the

PHYSICAL REVIEW C 69, 064309(2004)

selection rules foB decay forbid strong direct population of

adopted'**Eu— 1*4Gd decay schemg2] which were not observed these states from th#=3" parent,!>*Eu, thus only a small

in this study. Total intensityl ,+ce | (1274 =100.0 out of each

intensity excess may be expected. Balances for the states

level is listed as an upper limit at the 95% confidence level and isyjth J™ (E,, in keV) =0" (680.7, 1182.1, 17(1241.3,1414 %

compared with a valuelyps, calculated using the evaluatéd]
154y decay data. Inclusion of the Gevel at 1295.467 keV in this

comparison is discussed further in the text.

5%(1432.9, (57)(1404.1, and 6(717.7 are given in Table

V. We conclude from these values that theay intensities
and assignments determined in this study leave little room
for additional levels below~1.5 MeV as states lower than

Blevel uL Inps these should have greater probability of both direct and in-
1135.96 0.0073 0.0291 direct population in*>Eu decay.

1233 0.0049 0.0080 All Icra]vels and trans(ijtipns placed inthé“'I;uH 154Gq de-
1276.63 0.0039 0.0407 cay scheme presented in Fig. 9 are based upoen coinci-
129358 0.0051 0.0175 dence spectroscopy. Transitions from all states included in

' ' ' the scheme have been observedyimay coincidence gates
1294.17 0.0083 below the deexciting level. States up to 1531 keV have been
1295.467 0.0091 observed through coincidence gates setaays feeding the

1510.1 0.0086 0.0687 states from above. N rays were observed to feed states
1698.2 0.0006 0.0289 above 1531 keV and we conclude that these states are popu-
17705 0.0045 0.0657 lated almost exclusively through direct feeding in Biele-

15

1838.3 0.0023 0.0532 cay of *Eu. _ .

The most valuable independent view of the completeness

1861.2 0.0008 0.0241 . . .

of the present study is provided by the primary captyre

1879.0 0.0003 0.0122 rays observed in the neutron-capture stidg]. The data

1894.7 0.0017 0.0100

reported are for a’lresonance populated in thermal neutron

capture. This capture resonance is observed to decay directly
to: 0* states at 0.0, 680.7, 1182.1, 1574.0, 1650.3, 1836.4,
balance for the 123 keV level indicates an excess of..keV, 28 states at 123.1, 815.5, 996.3, 1418.2, 1531.3,
(10.6+0.9% (cf. from observation of directd decay: 1716.0, 1775.4, ...keV; Istates at 1241.3, 1414.4, .. keV,
9.2+£1.5%[27] and 10.8+£1.2%28]). The 371 keV level has 2~ states at 1397.6, ...keV; and 8tates at 1251.6, 1617.1,
an excess of 0.19+0.05%f. from observation of direc8  ...keV. Other states populated directly from this capture
decay: 95%427]). From this we deduce that the states at 123resonance lie above 1900 keV and lack unique spin-parity
and 371 keV primarily are populated indirectly byrays  assignments. The states at 1719.6 k8¥=2") and
from levels higher in the decay scheme. This is illustrated in1796.9 keV(J™=3") are not reported to be directly popu-
Fig. 8, where the spectra gated by the 123.1 kB}/~0])  lated from the capture resonance. From our nonobservation
and 247.9 keM4; —2]) vy rays are presented. These two of population of the 2 state at 1716.0 keV we deduce that,
gated spectra together provide positive evidence of all 2%or states in'>4Gd that potentially can be populated in the
levels observed in this decay throughrays which decay decay of'**Eu (J7=3"), the present scheme is incomplete
directly to the levels at 123 and 371 ke¥lthough popula- above an excitation energy somewhere between 1531 and
tion of the 1182 and 1646 keV levels are more readily ap-1716 keV.
parent in other gates, e.g., population of the 1182 keV level
is illustrated in Fig. 3.

An internal check of “completeness” in our decay scheme
is determined through the intensity balances for states ob-
served in*®Gd with J7=0*, 17, 5%, 57, or 6'. Spin-parity

@Assumed to be the same level: see commeri2jn

V. DISCUSSION OF BAND STRUCTURES IN %4Gd
ABOVE 1 MeV

From the detailed assessments that we have made of de-
cay data fort>¥Eu (both the present work and that of others

3

1 . and of other available spectroscopic data*fd&d, we arrive

10% - ce * e at the set oft®4Gd low-lying states shown in Fig. 10. Com-
S0 . pared to Fig. 1, where a wealth of collective states*iGd
3 100 s between 1 and 2 MeV held the promise of distinguishing
510} =i g between multiple models vying to describe tNe90 iso-
3 107} o — tones, we find instead a structure much more similar to that
= 102, ° e " reported for'®Sm. While this result does not immediately

10° : 2jg:f1 T present a solution to the controversy surrounding these nu-

|« timit . clei, it does reinforce the need for a theory which has general
107, application for theN=90 isotones.

0

FIG. 7. Total decay intensitgl , + ce) out of levels observed in

500 1000 1500 2000
E,

154Gd through this workl (1274 =100.0.

The change in the structure 8¥Gd, as illustrated in the
differences between Figs. 1 and 10, also serves as a warning
to use caution when searching for a specific kind of structure,
or when relying on a single kind of dafa.g.,B(E2) ratiog
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FIG. 8. The coincident-ray spectrum associated with the 123.1 k&~ 07) and 247.9 keV4; — 2)) transitions. Gamma rays which
directly feed the levels at 123 and 371 keV, respectively, are marked by efiergsV), other peaks are marked as in Fig. 2, and chance
coincidences are marked C.

to interpret nuclear structure. The early study BfGd [12,20,29,3) and the nature of the %" bands in
through the decay 0f4Eu by[14] not only provided most of [20,30-33) has surrounded these structures since that initial
the comparison data in Table Il, but also shaped the interpranterpretation. We discuss the nature of these “multiphonon”
tation of the structure of®Gd for decades. Much of the bands individually below.

discussion irf14] and in the follow-up papefy], usesB(E2)

ratios and excitation energy to argue for the “two-phonon” A. "0 5" band
nature of band structures M“Gd built upon states at 1294 . . .
(“BB"), 153X“By’), 1646, and 1838 ke\(“yy"). Contro- If the band built upon the D681 keV state is considered

a B vibration (the review by Garrett34] suggests that this is
one of the rare candidate states which is consistent with the
TABLE V. Total decay intensityy+ce) into and out of levels in ~ definition of such excitations then the 38 band head is

154Gd which are not expected to be strongly populated by theexpected to be at 1362 keV. The search for this stdie
19E(J™=3") parent inB decay due to spin-parity selection rules. cussed in detail in Sec. IV B)3ed to the controversy over
Only a small excess in the observed intensity balamggs o, levels at~1294 keV. This controversy and the continued

versy (over the band-head energy of thgg” band in

-lin, may be expected for these states. search for a 88" band failed to correctly interpret the struc-
ture of the @ band because the emergeii2g] of a new type
Ex(keV) J7 lout lin Inet of coexisting collective structuréhe band based on the 0

N 1182 keV statgpcould not have been anticipated.

680.627) 0 0.7966) 0.77814) 0.01819) Shahabuddiret al. [29] first proposed that the 1182 and
717737 6" 0.077612)  0.0658) 0.0138) 1418 keV states were the @nd 2 members of a new ex-
1182.027)  0* 0.0295) 0.0273) 0.0026) cited band, based upon analysis of the transfer cross sections
1241.3%7) 1 0.68315) 0.701100 —0.01§19) to these levels from thé, p) reaction. The strong population
1404.0721) (57) 0.007911)  0.005%7) 0.002§13) of these levels in two-nucleon transfer reactions precludes
1414.447) 1- 0.08311)  0.066420) 0.01611) interpretation of these states as members of a multiphonon

1432.627) 5" 0.012832) 0.006312)  0.006%34) band[29] (indeed, this is a key datum for the pairing isomer
interpretation of the structure built upon thé Btate at
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1182 keV[22]). Our coincidence spectra positively identify quasiparticle pair configurations and is, therefore, not a good
the 238 keVy ray as the 14181182 intraband transition candidate for a multiphonon state. Thus the first possible
and the upper limits on the transitions associated with thenultiphononK™=0" state is the 1650 state, which has been
levels proposed at-1294 keV indicate that this is the only reported only in the(n,y) study by Spits[12] and in the
K™=0" band between 1.0 and 1.5 MeV. 154Th (J™=0") B decay study by Kuld9].

The next 0 states(possible 88" band head candidatgs
in the adopted?] 1%Gd scheme are at 1574 and 1650 keV. B “2* " band
Shahabuddiret al. [29] report a 1576 keV state which re- © TPy
ceived 10% of the ground state transfer strength. This popu- A two-phonon 8y band resulting from the coupling of
lation strength is indicativébased upon the conservative es- one-phonorgB-vibrational andy-vibrational states should de-
timate of Garrett[34]) of a 0" state which has significant cay with equal strength to the one-phonon bands and should
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20F 6r. ] TABLE VI. The systematic increase with spidy, in relative
gt Tree- | 4Z_5F e B(E2) values divided by Clebsch-Gordan coefficients for transitions
104, 6:,___4—3:_4*‘_ out of the states at 1531, 1661, 1788, and 1646 keV suggests that
15} . 5t_ot = "'O'+ . the transition quadrupole moment from these states to lower bands
6----4+ - increases with the spin of the final level.
8t 30—
1ol ::—2*_ sther | J 1531 1661 1788 1646
6t o+ _ 0; 0.0349(11)
- osl | 2; 0.144(6) 0.0438(8) 1.41(8)
E’ e 47 14.11(13) 0.097(4)  2.78(15)
> o 154G 6 6.2 (11)
5 oo | 05 25.00(22)
Yosor 7 = 2 31.9(9) 8.63(16)
-g " xars T 45 227 (4) 17.65(19)
2 108, 8o _ 2; 12.6(30) 1.32(5) 1.168(23)
15} . it 1 3! 38.1(29) 3.68(12)
. 6_..-3+_2+_ o 43 120 (4) 19.1(4) 9.17(29
ol g 20 | 5; 26.2(16)
2+ other
6ot __ 1788 keV may be indicative of mixedprolate-spherical-
05} ] oblatg character. Such mixing has been described by Kumar
4 in the dynamic pairing plus quadrupole mo@BPPQ [35].
o 1525 Results from Kumar's{3_6] extensive I_DPPQ calculatio_ns for
oloi— | 154Gd are compared with our experimental results in Table

VII. While there are notable discrepancies for transitions out
FIG. 10. Comparison of the low-lying positive-parity states in Of the J7=2" and 4 states, the agreement between experi-

1525m (bold lines indicate states populated in the decay®@fEu ~ mental and calculated values is within a factor-e2 for

and dashed lines indicate levels observed through other methods tfnsitions out of thed”=3" state.

spectroscopy; data froiid]) and*%/Gd (bold lines from the present Kumar’s calculationg36] do not assume the presence of

work and dashed lines froifi2]), cf. Fig. 1. B andy vibrations in an axially symmetric nucleus; thus the

good agreemencf. Table VII) with some experimental val-
decay with significantly reduced strength to the ground-state

band. Assuming the bands built on thga(@Sl keV) and the TABLE \{II. Comparison of reIativgB(EZ) ratios from this
2% (996 ke\) states are of one-phonog-vibrational and W'k (8) with Kumar's DPPQ calculation36].
y-vibrational nature, respectively, the band head of ghe

band is expected at an energy of 1677 keV. The best candit I/ Iy 8m DPPQI36]
date for such a band is tH€"=2" band based upon the'2 - 0,/2, 0.17(1) 0.013
state at 1531 keV. _ . 4,02, 4.89(22) 0.09

In Table VI, we present relativB(E2) values divided by

. . 0,/2, 0.55(2) 1

the squares of the appropriate Clebsch-Gordan coefficient for 412 0.36(1 16
transitions out of the 1531, 1661, and 1788 keV levels. We 22 36(D) :
have assumed purE2 transitions for the purposes of this 31/43 0.74(6) 0.95
discussion. Dividing the relativB(E2) value of each transi- 0,/0y 717(23) 550
tion by the square of the Clebsch-Gordan coefficient con- 2,12y 221(1y 7.1
necting the two states removes thandK dependence, thus 3 412, 0.88(4) 1.9
allowing a straightforward comparison of interband transi- 4,12, 0.818(18) 0.7
tions. The “reduced” values presented in Table VI show, e.g., 2,12, 197 (5) 375
that transitions from the 21531 keV level to the 2 *

. . M . . . . . 45/44 183(7) 134
B-vibrational” and 2 “y-vibrational” states are approxi- 42 13.9(6 13
mately the same strength while the transition to tHeis2 3 s ()
much weaker. Transitions between the 1531 keV level and 4314 475 (21 350
J7=4" states below follow the same trend, but these relative 4,143 0.384(10) 0.38
B(E2) values are much stronger than those for transitions to 2,125 6.52(28) 7.25
J7=2" states which indicates a departure from simple Alaga 23124 30.2(13) 51
rules and is evidence of strong mixing between bands. 4 2,14, 0.172(14) 0.3

Meyer [7] suggests that the odd-evendependence in 6,14, 0.19(4) 08

band-mixing calculations for the states at 1531, 1661, and
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ues does not provide a clear indication of the nature of the 518.0 533.1

K7=2} band, but rather shows a need to examine more data. 72000 ' 5330.; 5349
While a true coupled-phongBy excitation could explain the
presence of electric monopoléEO) components for the
533 keV(1661— 1128 and 535 keV(1531—996) transi- 64000
tions[12,37], theseEO components are alternative$8] in-

68000

o . . 60000
dicative of shape coexistence and mixing between Kfie
=2, and K™=2; bands. Further experimental studigsg., 56000
measurement of the lifetime of the 1531 and 1661 keV a) singles

states, determination of tHe2/M1 mixing ratios for transi-

tions out of the band, and new measurements oEhéran- 2 800

sitiony would provide insight and constraints for any inter- 2 600

pretation of this structure. As Fig. 11 indicates, however, the 5

533 and 535 keV transitions are weak and will require ex- 2 400

acting experimental work to obtain precise data for compari- § ‘

son. O 200
It is apparent that the present results and available data b) 1005 (1128—>123)gate .,

from other studies cannot conclusively rule ouB# nature 2000 :

for the K™=2; band at this time. However, the lack of an 1600 -

expected BB two-phonon excitation below the 1531 keV ' :

level casts doubt upon an interpretation of this band as 1200 .

coupled-phonon excitation and a new interpretation is war- 800 c) 873 (996 +123) gate ‘l

ranted. The experimental evidence, i.EQ transitions be- 10200 1040 1060 1080

tweenK™=2" bands and the systematic increase in transition Channel number

quadrupole momentgf. Table VI), indicate the presence of
shape coexistence and mixing. If the 1531 keV state is not
two-phonon state, but rather an analog for the 681 kéV 0
state as the 996 keV state is to the ground state, then t
structure of'®Gd could be described as the coexistence o
two similar rotational structuregbands built on the D

ground state and the;®81 keV leve). Such similar struc-

tures very close in excitation energy would mix strongly, an

FIG. 11. The weak 533 keVl661—1128 and
§35 keV(1531— 996) transitions coincide with a Compton artifact
in (a) the y-ray singles spectrum, but are measured thraiytthe

05 keV andc) the 873 keV coincidence spectra.

The 4 level at 1646 keV populated if**Eu decay is
dconsidered a candidate for a two-phonon state due to the
the same argument would apply f§F=2* excitations. This weak relativeB(E2) values for transitions to the ground-state

: 15 15
would imply mixing for evend states which includes four or 0and[14]. A study of 25”‘“;2“1’) ‘Gd [33] argues that
more bandgthe less-deformed band built on the 1182 kevthe B(E2) strength to theK”=2" band built upon the
[22] state would also mix due to its proximity to the other 996 keV level from states in the band built upon thdetel
K™=0* band3. Such an interpretation is consistent with our &t 1646 keV is proof that this is th€"=4" two-phononyy
results; but additional data, e.g., absolE® andEQ transi-  €xcitation in'*Gd. HoweverAK=4 transitions are expected
tion strengths from lifetime measurements, would be usefulo be weak, and should only occur as a result of mixing. The

cients forAK=2 transitions, presented in Table VI, suggest
C. “yy" bands that mixing is indeed present because of the spin-dependent

Bands associated with two-phonary vibrational struc-  increase in the transition quadrupole moment. Single-particle
ture are expected at an energyfglggz keV(aSSuming the transfer data Studie[éSl,Sa indicate that the 4 1646 keV
2* level at 996 keV is the one-phonopvibrational statg ~ state has primarily §+[411T]+§+[413L] two quasiproton
Parallel and antiparallel combinations of-vibrational (i.e., one-phonon nature. This configuration for the
quanta(K=2) would produceK™=4" andK"=0" bands, re- 1646 keV level is supported by th€*Tb decay studies of
spectively. While a previous study é#Eu decay{7,14] ar-  Sousaet al, who also suggest that there is significant mixing
gues that such structures have been observédf@d, and a  with the K™=2" band at 996 keV.
study of152Sm(«, 2ny)1%4Gd [33] supports the assignment of
the K”=4_+ (paralle) yy band, available data do not support VI. SUMMARY
these claims.

We refute the populatioricf. Sec. IV B of a level at We have studied excited statesGd populated in the
1839 keV through the decay 8P“Eu. This level had been decay of'>*Eu. New assignments and/or intensities for40
suggested7,14 as the 2 member of theK”=0* band. No  rays and the population of three states'fGd, which had
other levels have been suggested as members dtv®*  not been previously observed in the decayYEu, provide
(antiparalle) band, thus the deletion of the 1839 keV statesensitive measurements with which to probe the collective
removes any evidence of this kind of two-phonppband in  structure of'>4Gd. Stringent upper limits set on the intensi-
154G ties of 75y-ray transitions suggest the removal of at least 11
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states assignedi2] to '5Gd below 2 MeV, significantly A review of all available data at this time shows that only
changing the possible interpretations of collective structureshe K™=2; band built on the 1531 keV state remains a pos-
above 1 MeV. sible multiphonon band. The ratios of relatiBéE2) values

The resultant chang_es in the structure 15‘?(_3d above “andp?(EO) values fory rays to the 8" and “y” bands below
1 MeV due to our experimental results contradicts the previjygicate that decay to these bands is somewhat preferred and
ous interpretation of robust multiphonon band structures. Thge excitation energy is somewhat close to the expected en-
search for a two-phonon structure #Gd led to the intro- ergy of 1677 keV. This weak support for a multiphonon in-

duction of states which we have shown to be spuriously afst'erpretation, however, does not prove that the 1531 keV level

signed. Previous two-phonon interpretations of structures I
15 : . indeed a coupled3y band. Measurement of absolute
"Gd, which we observe to be populated in the decay O{B(EZ) values for transitions out of this barid.g., from life-

1%ey, relied upon ratios oB(E2) values and approximate ¢ tracted f it-Coul Id
agreement with expected excitation energies. Such an a me measurements or extracted from muiti-Loulex yiglds
ould help determine whether or not this is a two-phonon

proach has been found to be misleading in light of the™~ """ ) °
complementary data from other spectroscopic methods. excitation; but care must be exercised to consider the effects

Multiple types of nuclear data have been used to discusgf Shape coexistence and mixing indicated by the presence of
the structure of excited bands #$Gd populated in this EO transitions and changes in transition quadrupole moments
study of the decay of**Eu. Two-nucleon transfer dafa9]  between bands.
provided the key data for a new interpretation of teb@nd
as a pairing isomej22]. Single-nucleon transfer dafa,32
established the two-quasiparticle nature of Kfe=4* band ACKNOWLEDGMENTS
at 1646 keV. Electric monopole componeft®,37 of tran-
sitions out of thek™=2* band at 1531 keV provided the first ~ We wish to thank colleagues at the 88 Inch Cyclotron for
indication of band mixing which is supported by the system-assistance in the experiments. This work was supported in
atic increases in transition electric quadrupole moments fopart by DOE Grant/Contract Nos. DE-FG02-96ER40958

E2 transitions out of the band. Tech and DE-AC03-76SF0009@.BNL).
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