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Low-energy one-quasiparticle bands in neutron-rich 18Hf
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Excited states in'8!Hf, populated in the'®Hf(d,p) deuteron breakup reactions, were investigated by
in-beam+y-ray spectroscopy. The 172510] ground band and the 3/2512] and 7/2[503] excited bands are
extended to higher spins than previously known. The Coriolis coupling of thd 318] and 3/2 [512] bands
is found to be consistent with that derived for the same bands in the classic cH#S@/of
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The isotope®Hf is located at the neutron-rich side of the Table I. The proposed assignments are based on coincidences
nuclear valley of stability and therefore cannot easily bewith y rays known from the'®%Lu— 8Hf radioactive decay
studied with in-beamy-ray spectroscopy. Information on the and can be considered as established except when otherwise

low-energy structure of this nucleus has been obtained pri?oted. _ S _
marily from studies of thg~ decay of 3.5 m®Lu and from The y-ray intensities listed in the second to the last col-

nuclear transfer reactions. From these investigations onlymn of Table 1 were derived, when possible, from theay
three intrinsic states were known belowl MeV with the ~ SPECtra in coincidence witly rays populating a given level.
712~ member of the 1/2[510] ground band as the highest For th_ose Ie_v_els, for which we do not observe _populatyng
rotational excitatio1,2]. Only recently some additional ex- rays, intensities were determined from thre coincidence

) : ; . | . oo counts with reasonable assumptions for the depopulation of
perimental information was obtained in an investigation Ofthe intermediate levels
1814t via inelastic excitation and transfer by D’Alarcabal. '

) : ’ The levels listed in Table | up to the 11/2Znember of the
[3]. These authors confirmed the isomeric character of th%round band and the 972states of the excited bands were
9/2°[624] level proposed earlief4] and extended the

also identified by Bondarenket al. [6] in the (n,y) experi-
ground band td=11/2. _ ments. All level energies agree within 0.1 keV. Theay
The results presented in this brief report were obtained agtensities reported in Ref6] are listed in the last column of
a by-product during our investigation 6f°Ta which was in  Taple I. The agreement with our values is reasonable, taking
part performed with the®*Hf(d,2n)*®Ta reactior(5]. Dur- into account the large experimental uncertainties of both data
ing this investigation we found that the isotopd&Hf,  sets, except for a few transitions which are placed doubly in
18%4f, and "*Hf are produced with appreciable cross sec-the level schemée.g., the 136 and 205 key rays.
tions by deuteron breakup reactions. While the observed re- The high-spin levels listed in Table | are also assigned by
sults for the isotopeg®Hf and "*Hf did not provide new Bondarenkoet al. from the d,p) reaction. The agreement
nuclear structure information we obtained new high-between the two data sets is only moderate, with discrepan-
precision data for'8Hf which justify a short note. During cies between five and ten times the errors quoted for the level
the preparation of this report we obtained information on aenergies in Ref{6].
new investigation of'8Hf through (h,y) and d,p) reac- One open question is the nuclear structure of the
tions[6] which will be compared with our results below. 9/27[624] band. The 9/2 ground state is populated quite
A target of 8 mg/cri HfO, enriched to 94.3% in®Hf  strongly in the deuteron breakup reactisee Fig. ], but the
was bombarded with 12.4 MeV deuterons at the cyclotron opopulatingy rays cannot be identified by diregty coinci-
the PSI (Villigen, Switzerland. Gamma-gamma coinci- dences because of the long half-life of the 595 keV*9/2
dences were measured using the setup described by Wdavel [3,6]. Bondarenkeet al. adopt a hypothesis made ear-
et al. [7]. The data were recorded in list mode and sortedier by Burkeet al. [4], in which the high-spin members of
with an appropriate time window into ak&4k matrix  the 9/2°[624] band are pushed to higher energies by the
which was analyzed with the interactiv@bwARE package Coriolis coupling of this band with the 11/2615] band, and
[8]. A total of 5.8 million twofold coincidences contained suggest the 11/2 and 13/2 levels are at 802 and
approximately 15000 photopeak-photopeak coincidences df010 keV, respectively. We observe a coincidence between
v rays assigned td®Hf. y rays with energies of 203.5 and 210.3 keV which we can-
As an illustration of the quality of our data we show two not assign to other isotopes populated in the reaction of the
y-ray spectra in Fig. 1. The/ rays assigned td®Hf are  12.4 MeV deuterons with®Hf. If these y rays result from
listed, together with the levels which they depopulate, inthe 13/2° —11/2" —9/2" cascade it would place the 11/2
level at 798.7 or 805.5 keV and the 13/2evel at 1009.0
keV. Unfortunately, due to the complex-ray spectra ob-
*Present address: InstitutrfiKernphysik, Universitazu Kain, served in the present work we cannot even assign these co-
D-50937 Kdn, Germany. incident y rays unambiguously to hafnium isotopes.
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TABLE I. Levels and transitions assigned t&'Hf.

T T
| gate
60 § &| 205 keV Neutron Initial levet Final level Transitiof
- T 7 orbital  Eexe 1™ Eexe 17 E, 1,0
140 1 1275100 986 52 00 1/2 986
o L o 4 204.0 712 457 3/Z 1584 27 28
= 3 98.6 5/2 1054 100 100
2 00r 1 3038 9/ 986 5/2 2052 100 100
© = 4 204.0 7/Z 100.0 13 6
4659 11/2 2040 7/Z 2619 100 100
3038 9/2 1620 72 87
616.9 13/2 303.8 9/2 313.1
830.9 15/27 4659 11/2 365.0
3/27[512] 251.9 3/2 00 12 2520 30 9
L 457 3/ 206.1 100 100
% N gate 98.6 5/2 1534 24 13
e 0 98 keV 7 329.3 5/1Z 00 1/ 3293 100 100
6oL ° _ 457 3/2 2837 9 12
X 98.6 5/2 230.7 7 7
B - 7 204.0 7/2 1253 55 65
2 40l noB x g 2519 3/2 774 ~6 6
g & 440.7 71z 457 3/2  395.0 14 16
8 L 98.6 5/2Z 3421 100 100
2040 7/2 2367 28 23
20f 303.8 92 1367 6 2
| 2519 3/2 188.9 9 11
u 329.3 5/Z 1109 =5 5
0 573.7 9/ 2040 7/Z 369.7 86
. T 329.3 5/2 2442 100 100
100 140 180 220 260 300 340 440.7 7/2 1332 30 42
E, (keV) 749.4 11/2 3038 9/2 4455 100
4659 11/2 2835 33
FIG. 1. Gamma-ray spectra in coincidence with the 98.6 keV 440.7 7/ 308.6 37
5/2~—1/2~ and 205.2-keV 9/2—5/2" transitions. The peaks 573.7 9/2 1757 24
marked by X result from the 98.4-304.0-214.3 keV cascade in 930.0 13/27 4659 11/2 464.0
I, 616.9 13/2 3126
573.7 9/2 356.7
The first two members of the 117p615] band are pro- 9/2"[624] 595.2 9/ 2040 7/7 3913 42 41
posed by Bondarenket al. at 622 and 759 keV. We observe 3038 9/2 2913 100 100
a level at 617 keV, which decays by a 313 ke\fay to the 4659 11/Z7 1293 28 68
9/2~ member of the ground band as might be expected for 4407 7/ 1545 30 24
the 11/2 level. However, the intensity of the 313 keNray 7/27[503] 663.6 viva 98.6 5/2 564.9 36 26
suggests the interpretation of the 617 keV level as 13/2 204.0 7/2 4596 40 32
member of the ground bandee also the discussion of the 303.8 9/ 3597 21 12
ground band given belowWe also observe a very weak 2519 3/ 4118 36 29
205.4-315.4 keVyy coincidence which could result from 3293 52 3343 100 100
the decay of a 619.2 keV level to the 9/Znember of the 4407 7/2 2228 29 922
ground band in*®Hf. Unfortunately, the 315.4 ke\j-ray 8000 9/ 6636 77 1364
energy coincides with a 315.6 key ray in 8°Ta which 9650 11/ 6636 7/ 3015 45
appears most strongly in the dominart,Zn) reaction[5] ' 8000 9/ 1650 100
making tge association of the 205.4-315.4 keY coinci- 712 [514] 904.f 7/ 2519 32 6522 100 100
dence to'8Hf uncertain. We do not observejaray from the 663.6 7/ 2405 40 10

propsed 13/2 level at 759 keV to the 11/2member of the

ground band, which might not be significant since the 13/2 2all energies in keV; estimated accuracy0.1 keV.
level is expected to decay predominantly to the lower-lyingPFirst column: present work; estimated accurac0%. Second

members of th& "=9/2" and 11/Z bands.

Alternatively, we observe coincidentrays with energies ‘Tentative assignment.
of 127.5, 152.1, 178.7, and 331.0 keV which could be the!Assignment proposed by Bondarenkbal. [6].
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column: Ref[6]; typical errors betweert 20% and=*30%.
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TABLE II. Energy parameters resulting from least-squares fits TABLE Ill. Deviations of calculated from experimental energies
to the experimental energies of the 1/$10] and 3/2[512] bands.  in 8Hf.

Fitted valué Values in keV
181f 183y Quantity? h,=0 Fit | Fit Il

Parameter ! . ! . AEa(K=1/2) 1.31 0.50 0.32
h; (keV) 21.7 23.0 21.71 22.74 AE,,(K=1/2) 0.67 0.22 0.14
Agp (keV) 13.19 13.40 14.02 13.75 AEafK=3/2) 3.73 1.38 0.29
Bay (keV) —0.020 —0.007 AE,,(K=3/2) 1.66 0.56 0.15
Auz (keV) 15.28 15.30 15.84 16.08 BAE=|Eqy,— Ecal| for the rotational levels up to the 11/2states
Bis, (keV) +0.011 +0.009 e exp” Ecalc p
a 0.1532 0.1564 01719  0.1706 :

®Derived from the rotational bands itf*Hf and 8W up to the rametersA, can be compared with the valud(2")/6
11/Z" and 9/Z' states, respectively. =15.55 and 16.68 keV of the core nuclEiHf and AN,

11/2"—9/2", 13/2"—11/2", 15/2"—13/2", and 15/Z respectively. The small values for the 3/Ba'nds are perhaps

o : due to the influence of higher-lying bands: Brockmegeal.
—112" transitions, respectively, of an unperturbed 10] discuss the coupling of seven additional bands and find
9/2"[624] band. This assignment would be in agreemen piing

with the systematics of this band which is known jfHf a significant improvement by including these bands.

and Y°Hf, but again the assignment of thegaays to 13Hf In Table Il we list the maximum and average deviations
is not ex;')erimentally established of the calculated level energies from the experimental ones.

In a very recent study of high- orbitals in *%Hf, which The large improvement of the description of the 3/and

came to our attention after submission of the present reporBY including the quadratic term if(1+1) in the rotational
the 11/2[615] band is proposed with the bandhead at 617€n€rgy indicates again the importance of the coupling of this
keV [9]. However, this 617-keV level is not reported to de- Pand to higher-lying bands.
cay to the 9/2 member of the 1/2[ 510] band and therefore In Table | we assign the 616.9 and 830.9 keV levels as the
its relation to the 616.9 keV level proposed in the presenfl3/2” and 15/2 members of the 1/2 band. The energies
work is unclear. calculated for these levels are 614.4 and 832.5 keV for fit |,
The ground and first-excited bands, with the configuratiorand 611.4 and 814.9 keV for fit Il. This disagreement is in
1/27[510] and 3/2[512], respectively, are expected to be contrast to'®3W where the energies calculated with the pa-
mixed due to Coriolis coupling. This mixing has been stud-rameters of fit Il for the 11/2, 13/2", and 15/2 members
ied in the isotone™W, where these bands have an almostof the 1/2° band agree with the experimental values reported
identical structure as inf®Hf [10,11). In order to test the in Ref. [11] within ~1 keV. However, Brockmeieet al.
similarity of the Coriolis coupling in the two isotopes We mention already that fit Il is unsatisfactory because of the
have p_erflgrmed a simple two-band mixing analysis of _thanonsistent signs of thB parameters, and that an improved
bands in 1Hf1§31na|ogous to that described by Brockmeier i js obtained by including additional higher-lying bands in-
etal. [10] for **W. _ _ , stead. In the present case the levels are already strongly
The unperturbed rotational energies and the matrix eleqiyeaq for moderate spin.g., in fit Il the lower-lying 13/2
ment of the Coriolis interactioh are given by level is composed of 58% = 1/2 and 42%K = 3/2) and one
E,o((K,)=Eg+Ac[1(1+1)+a(—) Y21+ 1/2) 8(K,1/2)] hqs to expect appreciable energy shifts by the additional _ad-
mixed bands. The large mixing also makes an interpretation
+By[1(1+1)+a(—)"" Y41 +1/2)8(K,1/2)]? of the y-ray intensities difficult. In view of the large experi-
mental uncertainties of the few observed branching ratios we
(1) h . .
ave therefore made no attempt of such an interpretation.
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