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Evidence for a high-spin 8-decaying isomer in'’Lu
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Nuclei in theA~ 180 region have been populated and investigated in a series of multinucleon transfer and
deep-inelastic reactions involving an 11.4 MeV per nuclééiXe beam produced by the GSI UNILAC
accelerator, impinging on a selection of tantalum and tungsten targets. The reaction products were released
from a thermal ion source and subsequently mass selected using the GSI on-line mass separator. The unex-
pectedly high yield ofy rays associated with the decay of the well establigh®&d37/2 ,t;,,=51.4 min isomer
in 17727Hf and anomalous half-life characteristics associated with this decay lead to these data being interpreted
as theB™ decay of a highK isomer in the mother nucleu¥/’Lu. By comparing the experimental findings with
the predictions obtained from multi-quasiparticle blocked-BCS-Nilsson calculations, the proposed decay is
suggested to be from §7=39/2 five-quasiparticle state iiLﬁLu. A half-life of 7£2 min is determined for
this 8-decay path which is estimated to have an excitation energy3® MeV above thé’’Lu ground state.
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[. INTRODUCTION with quantitative predictions, and there has recently been
The region of near-stable nuclei with~ 180 has a num- _consdldera_blel extpeélTlen{al sugceslstl_n_}:)tr_oblng_ thﬁ refglon us-
ber of specific areas of structural interest, including the preslr'ggnt:t?gr-wlr::;csti:)qnéw:zg ?ow;evgrlv;ﬁ 'gnfyr%ﬁg Io? tr:ae%:?
ence OT axially deformed, high spin, metastable states. Thl<§.xamples has a nett isomer with half-life greater than 1 s
region is well known to be energetically favorable for high-

: . . . been established, specifically tK€=8"t;,,=48 s isomer in
Q orbitals’ which when coupled together can give rise 10184t gi=coverad us?ng the (%/SI on-line mrass separgidy.
particularly long-lived states of higK [1]. If these states '

. . . ; [Note that for long-lived isomeric decays>10 mg, the
compete energetically with the collective rotational states g ra|ation between the ion of interest and theays decay-

they can result in isomeric states with lifetimes ranging froming from the isomer is lost in the projectile-fragmentation

nanoseconds up to yeals.g., Refs[2-7]). method due to the predominance of random background
A number of theoretical works have indicatgelg., Ref.  eyentg)

[8]) that there are good prospects for finding new, high-spin  This work describes the results of two experiments per-
isomers in neutron-rich isotopes which cannot be accesse&@drmed to investigate decays in the temporal regime ranging
by fusion-evaporation reactions induced by stable-isotop&om seconds to hours for stable and neutron rch 180
beams. More recent calculatiof,9,1Q support this view nuclei using deep-inelastic collisions. The results presented
in the current work focus specifically on tie=177 isobaric
chain with particular interest on the production and decay of
*Permanent address: P.O. Box 67844, Riyadh 11517, Kingdom of1Lu. The nuclei studied were produced following collisions
Saudi Arabia. between a3Xe beam provided by the GSI UNILAC accel-
TCorresponding author. Email address: P.Regan@surrey.ac.uk €rator impinging on natural tantalum and enrich8¥v tar-
10 is the single-particle angular momentum projection on thegets placed in a thermal ion sour@8]. The residual ions of
nuclear axis of symmetry an=3;(); is the projection of total interest were extracted from the ion source and mass ana-
angular momentum on the same axis. lyzed using the GSI on-line mass separator. This work can be
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thought of as extension of earlier studies which highlighted TABLE I. Summary of experimental parameters concerning,
the effectiveness of using multinucleon transfer reactions tanass, tape-cycle period, and target selections investigated in the
populate neutron-rich nuclei in this regighl,23—26. Initial ~ two experiments of the current work.

reports of this work have been published in R¢&,28.

Experiment Mass Target Time cyadls) Run time(min)

Il. EXPERIMENTAL DETAILS Cluster 177 "Ta 8 30
177 natra 160 599
Beams of 10-50 particle-nA of**Xe at a laboratory en- 177 188y 800 107
ergy of 11.4'Me'v per qucleon were s'upplleq by t?e GSI 177  natrg 1600 321
UNILAC and incident on(i) 40 mg/cn? thick enriched-84w 18
" ) . 177 S 1600 131
and(ii) 30 mg/cn? thick natural tantalum targets, placed in- natr
side thermal ion sourcd29,3Q. The positively charged re- 1rr o a 8000 10
action products resulting from multinucleon transfer and 177 Ta 9600 136
deep-inelastic processes were extracted via a negative polar- 177 "fTa 16000 215
ity extraction voltage of 50 kV and subsequently selected by 178  "aTa 8 217
isobars using the GSI mass separdi®t,32. The mass- 178  MaTa 800 358
selected beam was taken to the measuring system which in- 182 188y 160 148

volved a tape system mounted at one of the beam lines of the

. ) . 182 184y 3200 55
mass separator. By utilizing a variety of different tape-cycle 18
) . TAS 177 5w 16 316
periods, the removal of unwanted, longer-lived decays was
achieved. 177 ”at‘l'a 80 248
In the first experimentwhich will henceforth be referred 177w 80 198
to as the “Cluster” experimentthe radiation detection sys- 177  "fTa 320 540
tem incorporated g-ray array which consisted of a seven- 177 188y 320 343
elgment cluster germani'ur(rGe) detector[33—33_ together 177 188y 640 200
with two sotandz_;\r_d, coaxial _hyperpure germanium detectors 177 narg 1200 975
of 60-70 A) efficiency relative toa standard Nd) detet_:- 177 narg 2700 190
tor. In addition a planar germanium spectrometer was incor-
177 natra 3600 60

porated to increase the detection sensitivity for low-energy
and x rays. A plastic scintillator was also used to detect the
emitted 8%, 8-, and/or atomic electrons following internal
conversion decays. The tape station allowed the removal of
the mass-separated source from phey detection array at
the end of the “grow-in cycle.”

In the second experimefrteferred to as the Total Absorp- A. Cluster experiment
tion Spectromete(TAS) experiment, the measuring system
was composed of two stations. First, a monitor station was Figure 1 shows the grow-in-ray spectra foA=177 us-
used which consisted of a large-volume, germani@®® ing a tantalum target at three different tape-cycle periods.
y-ray detector, operated_ in coincidence with a plastic scintil-The shortest tape cyclel60 § clearly identifies the short-
lator for electron detection. The second device, a TAS stafiyed 105 keV and 518 keV transitions following the ground-
tion, consisted of a large-volume Nal) T_AS [_3_6,3_ﬂ. A state 8 decay ""Tm— 17b [24]. The 1600 and 16 000 s
small-volume Ge detector and a 1 mm thick silia@) de- 456 cycle spectra shown in Fig. 1 highlight treay lines at
tector, each co_verm(;;] fa I|ttlehundenr$terad|anbof:itectlog . 122, 150, and 1080 keV which correspond to transitions fol-
geometry as viewed from the source, were both housed in- . " )
side the TAS detector. The Ge detector enabled high resolrl};"{'ﬂ%h;ﬁ%fﬁa[égom the longer-lived ground-state decay

tion measurement of x rays and low-energyays, while the : .
e ; The results obtained from the two longer cycle periods of
silicon detector was used for the measuremens phirticles &600 and 16 000 s, shown in Fig. 1, demonstrate a signifi-

and conversion electrons. Further details of the TAS can b ) : o :
found in Ref.[36]. The mass-selected beam was implanted incantly increased number of lines, specifically those coming

- Hentifiod ™= ; (177
the plastic tape, with the resulting radioactive source beind/Om the previously identifie&™=37/2" isomer in*"'Hf [6]
transported periodically to the radiation detectors. which has a well established half-life of 51.420.5 nfig$).
Figure 2 shows the grow-in curves for the time dependent

y-ray intensity of the lines associated with tRigHf isomer

(i.e., sum of the 214, 277, 295, 312, and 327 keV Ijn¥¢e
Various targets were bombarded with th&Xe beams. note that the value of 76 min from the best, single-

For specific experiments, a summary of investigated massomponent fit to these data is considerably longer than the

numbers, transport tape cycle, and the total run times arestablished half-life value of 51.4+0.5 mj@9].

listed in Table I. Applying thexﬁ]m+1 method[40] for estimating the un-

Ill. EXPERIMENTAL RESULTS
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1400 IS FIG. 1. Cluster arrayy-ray spectra forA
=177 using the tantalum target. Note the effect of
% 1000 tape-cycle selection on the measurement of ac-
S 8 tivities with differing half-lives. The total collec-
600 28 o : o o tion times were 599, 321, and 215 min for the
200 J\/—J 9‘2* °/§ RgsR 38 gdg ¢ 160, 1600, and 16 000 s cycles, respectively. The
Jh Al it i labels indicate the nuclei which thgray transi-
700 8 (160-s) tions decay in.
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certainty of the minimum value yields an apparent half-life have intrinsic half-lives of 4 s and 61.5 min, respectively.
of 76'® min (see inset of Fig. 2 Note that while thé<”=8" isomeric state irt’®Hf can be fed

One possible explanation for the disparity between thdrom the 8 decay of theK™=9" low-lying state in the'’8.u
measured and published lifetime is that thﬂé:%_ decay in mother nucleu$42], this scenario does not seem to be valid
174, as observed in this experiment, is actually fed by afor the **Hf isomer(see Fig. 3.

higher-lying, B8-decaying isomeric state it’’Lu. The evi- Figure 4 displays the-ray spectrum for mass 178, using
dence put forward to support this suggestion is outlined bethe tantalum targetin a thermal ion source with an 800 s tape
low. cycle. This spectrum clearly shows the lines deexciting the

- : : _37-. K™=8" isomer in 1"®Hf which are characterized by-ray
(i) The clear observation of lines from tl’{éT—%7 isomer . ;
in 177Hf is at odds with the fact that the release of refractory€"€rdies of 89, 93, 213, 326, and 426 keV. The half-life de-

elements such as hafnium is expected to be suppressed fron
a thermal ion source.

(i) The measured single-compongiaipparent half-life
for the Y/"Hf K™=37/2 isomer of 763° min is inconsistent
at the >2¢ level with the previous measurements for this
decay oft;,,=51.4+0.5 min.

In order to investigate the suggestion that direct release of
hafnium isotopes is highly suppressed, two other settings
were analyzed in detail, namely those involving the mass- )
separated\=178 and 182 secondary beams. These were cho- 60H | | 11101111l
sen in order to search for the direct populationotherwisg 40 80 120 160 200240280 |
of isomeric(K™=8") states in hafnium nuclei. 2 ., ., , Fittedhali-life (min) 7

The specific decays of interest were the long-lied 5000 15000 25000 35000 45000
=8 isomeric states int’8f [4] and 82Hf [6,23,4] which time (s)

t, ,,=76 min

1/2

Counts per 400 s

FIG. 2. Single-lifetime grow-in fit fory rays assigned to the

2A constant!38Xe primary beam intensity and constant TIS per- K”=37/2" isomer in*"’Hf (214, 277, 295, 312, and 327 kg¥fom
formance over the entire measuring period are required for the aghe Cluster experiment. The inset shows ffevalues for single
plication of this fitting procedure to be valid. The current data weredecay component grow-in fit of the decays fréfi=37/2 isomer
only taken for a single 16 000 s cycle. A variation in primary beamin 1/’Hf, with the asymptotic value allowed to vary to the minimum
intensity might be averaged out if many cycles had been takervalue for each half-life value. A best fit for a fixed half-life of
However we also note that the count rate of the short-lt&@m 51.4 min is also shown for comparison. This analysis gives a mini-
activity (105 keV transition remained steady throughout for the mum value for the single-component decay for these dathg,of
current data. =76/5° min.
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23.1 min o
LV 41479 - i
‘\ N..1384: g_ &= 61.5 min e + 2 min
\ 27 332 g+ =5 =73 § | ] )
Vo it —rggdogs 45 s w0s g1 11 FIG. 3. Schematic decay schemes for the
o e il e A B-fed states it"8f and *8Hf. For reference, the
] - .
630 6+ 6 /// nonobserved decay from th€"=8" isomer in
326 . Vo BB aoge ., 0] 1824f is also shown. The data are taken from
36 —F— « 1 B I g Refs.[4,6].
93 — Y 2* ot 2%4 98 ¥
0 —23 ___O%Stable 0"—98__ ¥ U005y
78y 78Hf 18214f L=~ 1]

duced for the sum of the grow-in curves of these five transiK™=37/2" isomer in1"’Hf, fixing the half-life of the lower
tions yields a value of;,,=23(1) min, assuming a single- (K™=37/2 isomerig state to the published value of;

component decay constant. This result, shown in Fig. 5, is51.4 min.

consistent with the feeding of tHé%f isomer by the!’8_u The expression for the grow-in rat® for a two-
B decay withT,,,~23.1 min[42]. component grow-in is given by
Fi ispl hey- i foA
igure 6 displays they-ray spectrum obtained fo R=A X [r(L—e™MY) = (r = 1)(1 -], (3.

=182, where the lines fed by thgow spin 8~ decay of
183 u are observed, but no obvious direct population of thewhereA is a constantr =\,/(A,—\;), A, is the decay con-
K=8" isomer is presen{Note the absence of the transitions siant of the higher-lying state, aid is the decay constant of
at 344 and 456 keV corresponding to the yrast-64" and  the lower-lying state.
8"— 6" transitions in'*Hf, respectively[6,41].) The half- Using this expression, the grow-in of the data shown in
life deduced from the grow-in curve gives a value of Fig 2 were fitted to the two-component expression given
2.30£0.25 min as shown in Fig. 7, consistent with the pubahove. The result is shown in Fig. 8. By fixing the value of
lished value for the half-life of the ground stgie decay of ), to a value corresponding to a half-life of the lower state
#2Lu of t;/,=2.0+0.2 min[23]. As Fig. 6 also demonstrates, (174 K7=37/2") of 51.4 min, a value of;,=6 min can be
there isno evidence for the population of th€7=8" isomer  extracted for the higher-lying decay componentyAmini-
(t1=61.5 min in **Hf [6,41], via a low-lying, high spin  mization for the lifetime of the upper level using this two-
B -decaying state in®3Lu. The obvious lack of direct popu- component technique is shown in Fig. 9, yielding a best fit
lation of the'8Hf K™=8" isomer is consistent with the con- value of ag min for the proposed state.
clusion that the release of hafnium ions from the thermal ion The application of the two-component-decay formula is
source used in the current experiment was highly suppressefased on the premise of a constant lutetium production and
strengthening the argument that tHéHf K™=37/2" isomer  prompt release from the ion source. In previous work, the
is actually fed by g3-decaying state in’’Lu. release properties of lutetium from a thermal ion source have
Two methods of analysis were undertaken to determing@een measuref#t3] and affected the decay constants in ex-
the lifetime of the 3™-decaying®’"Lu™ state itself and to pression (3.1). Due to the uncertainties in the original
identify any internal decay branches from the propok€d premise for this analysis due to the release properties of the
=39/2 state in*""Lu to lower-lying states in this nucleus via jon source, a second, independent method to determine the
y decay.(The spin/parity assignment for the proposed statealf-life of the proposed higher-lying decay was used. This
in *”Lu will be discussed in the following sectign. second method was used to search for internal decays in
The first method made use of a two-component fit to the

grow-in curve for the observeg-ray intensities from the
55000[
g & 3 *7OHf -
© & S &
o " N » 45000 | 1component fit b
25000 S B this work) t, ,=23 (1) 'mi
2 8 ‘g 35000 j(l'ls W‘:r ))‘t/2 =231 iy
"g 1] 3 B iterature) t, ,=23.1 min
3 15000 o 2 £ 25000 C
7 ] 3 B g -
'3 K | o - t,(K'=8" decay) =4 s
5000 (3 t\ﬁ 15000 -
.‘“ _IIIIIIIIIII
50 =0 250 350 0 5000 50 150 250 350 450 550
E (keV) | | | 1 1 1
¥ 1000 3000 5000 7000
time (s)

FIG. 4. y-ray spectrum for thé=178 setting with a tape cycle
of 800 s for the tantalum target from the Cluster experiment. Note FIG. 5. Grow-in curve for the transitions occurring in the decay
the clear identification of lines following the decay from the of the K™=8" isomer in 178Hf, showing a half-life of 23.3 min,
=4 sK™=8" isomer in 178Hf [42], which is populated by thgg  consistent with a population via th& decay of the low-lying high
decay of thek™=9" state in1"8_u. spin state int"8.u (t;,=23.1 min.
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C I I I I I _
1100 b * O2Hf 5o0l2—component grown—in fit ; ]
900 - } E E n
o . © 180 |- -
- 700 . & 8 g - E i
o
S 500 8 % Mot .
300t [3, 2 s 9 [ a
¥ I 8 5 32L%8 £ ook -
100 P30 B QIR s L i
100 300 500 700 © -
E. (keV) 60 . .
7 (this work) t, ,,=63 min -
2 lower component fixed, t, ,,=51.4 min -
FIG. 6. y-ray spectrum observed for thie=182 setting with a | | P | L V2 |
tape-cycle period of 3200 s. Note the observation of the-2* 2000 6000 10000 14000
(224 keV) and 2 — 0" (98 keV) transitions in'82Hf (from 82.u B time (s)
decay, see Fig.)3 but the absence of the'6-4* (344 ke\) and L . .
8" —6" (456 keV) transitions below the®Hf K7=8 isomer Fli' 8. Twojcompon_enltngrow-_ln_ fit for transitions depopulstlng
[6,41]. the K™=37/2 isomer in ~"'Hf (fixing the half-life of the K

=37/2 isomer in"™Hf to be 51.4 min[6,39)).

77 u and B-delayed transitions associated with the possible
7 u isomer by investigating the ratio of counts for indi- _
vidual y-ray transitions in the 1600 s and 16 000 s tape-cycléhe basis of phase space arguments that most of the decay

spectra forA=177. In particular, we have evaluated the in- 99¢3 directly to th&k”=37/2" isomer. A comparison of the
tensity ratio for the g-delayed y rays of YiYb (t,, yield ratio between th&*% and tantalum targets for the four
70

~1.911 h by comparing the spectra accumulated during thqLinknown transitions is carried out in Fig. 12. The 1003 keV

1600 and 16 000 s tape cycles. As can be seen from Table as a lower yield compared to the 518 keV transition from

‘ ; > 9 ; X et;»,=85 s,”"'Tm ground-state decay, while the ratios of
and Slg. 10, this procedure gives intensity ratios of betweel?he éﬁer three unpl?aced transitions ag)g/ree within thed-
2 and 3.

certainty limit with that of the 518 keV line, suggesting that

The observed transitions following the depopulation of -
the K™=37/2" isomer in 17727Hf are also found to have a tlge 1003 keV transition comes from a decay other than the

weighted-average ratio 6¢3. We note the shorter half-life A p.roposed partial decay scheme f6fLu and Y/7Hf nu-
of 85 s for the transitions associated with tH&Tm

s . : clei incorporating an assume™=39/2 isomer in1’"Lu
— 70Yb decay which have a much lower weighted mean of(see the following section for assignment of spin and parity
0.83 for this intensity ratio. is shown in Fig. 13. All known transitions from thi€™

In Fig. 11, four previously unreported transitions with en-=23/2" isomer in1""Lu and theK™=37/2", 51 min isomer
ergies of 413, 1003, 1292, and 1327 keMbeled with ? in Y'7Hf are also shown for Comp|eteness_
were identified with ratios corresponding to decay half-lives
in the few minutes regime, consistent with the estimated
half-life of 63 min min for the decay of the proposd™
=39/2 state in'’’Lu. Since the decay of such a state to the 707
K7™=37/2 state in'"™Hf could proceed by a direct allowed
Gamow-Teller(Al=1,A7=0) B decay, one would expect on

T T T T T T T
(this work) t, ,=2.30+0.25 min 60 . 0 - 63mi
350 (literature) t, ,=2.0+02 min "] rMmeasired) = Emin
~ 1,,(fixed) = 51.4 min
w  [205min ¢ % ¢ =2
8 2501
j—.
g 50 |
2
S 150 2,55 min _
S 44
- 43
50 . 00 6 9 10 . 20 30
1 l l 1 i, (min)
500 1500 2500
time (s) FIG. 9. Plot of x> values for the proposecK™=39/2"

B-decaying state int’’Lu. The variablet;, value refers to the
FIG. 7. Grow-in curve for the intensities of the transitions at 98, higher lying isomer, after performing a two-component decay fit for
224, 721, 808, and 818 keV following the™ decay of'®u to  the observed transitions decaying from tfiixed) t;;,=51.4 min
1824f from the Cluster experiment. The tape cycle was 3200 s.  isomer in1""Hf.
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TABLE Il. Intensity ratio as determined fok=177 y-ray tran-

sitions with 16 000 and 1600 s tape cycles, using a Ta target in e : K:iz_;nLqu

thermal ion source. The previously unidentified lines are indicatedS o Vb —
with a question mark and have apparent decay half-lives in the few®© .

minutes regime. The element symbol in thAssignmentcolumn B __ | & Unknown

represents the respective= 177 isotope, except for the background
lines marked bye*e™ and“K. The 1461 keV background line from
40K was used as a normalizatigeee also Fig. 10

E, N16000 Nigoo  Raeoooreop Mother assignment
104.5 4400+150 5425+220 0.81+0.04 m
113.5 1170£90 33070 3.5+0.8 Hf
122.1 1320+120 31060 4.320.9 Yb
128.9 570+£70 200£20 2.85+0.45 Hf
139.3 680+£50 150+30 4.53+0.96 Yb
150.9 6800+300 1960+90 3.46%0.22 Yb
174.9 470+90 90+35 5.23+2.13 Hf
204.6 440460 135+15 3.26+0.57 Hf
208.6 2510+130 640+30 3.92+0.27 Hf
214.2 820+300 380+40 2.16+0.24 Hf
228.6 1060+50 395+15 2.68+0.16 Hf
234.4 19020 55+10 3.45x0.72 Hf
249.9 185+15 7515 2.46x0.53 Hf
277.5 1335+35 520+10 2.57+£0.08 Hf
282.0 285+15 110+30 2.59%0.72 Hf
295.1 1315+100 520+60 2.53+0.35 Hf
305.7 120+15 70+10 1.71+0.32 Hf
311.5 103560 410+25 2.52+0.21 Hf
326.8 1640+55 660+20 2.48+0.11 Hf
378.5 615+40 285+25 2.16+0.23 Hf
413.9 110+35 55+10 2.00£0.73 ?
418.5 42030 200£30 2.10+0.35 Hf
426.4 120+10 140+25 0.86+0.16 Hf
510.7 985+30 1290+80 0.76+0.05 ete”
517.9 100+10 230+40 0.43+0.09 Tm
572.5 170+£10 90+10 1.89+0.24 Hf
588.3 60+25 80+25 0.75%£0.39 Tm
606.5 320+£55 165+20 1.94+0.41 Hf
622.4 50+£30 60+10 0.83£0.52 m
637.6 325+25 100+20 3.25+0.69 Hf
898.7 65+15 30+10 2.16+0.87 Yb
941.4 88+15 25+10 3.52+1.53 Yb
1003.1 40+5 50+15 0.80+0.26 ?
1027.8 60+10 25+5 2.40+0.62 Yb
1080.0 29030 100+£15 2.90+0.52 Yb
1119.6 60+£15 38+10 1.58+0.57 Yb
1149.6 45+10 10+6 4.5+0.63 Yb
1241.0 60+20 4045 1.5+0.53 Yb
1291.7 40+10 55+15 0.73£0.27

1327.3 37+8 83+15 0.45+0.12 .
1460.6 180+15  130+5  1.38+0.12 40K
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Ratio of peak areas(16000s/

0 500 1000 1500

E fkeV)

FIG. 10. (Color onling Ratio of y-ray intensities measured for
the 16 000 s and 1600 s cycles for mass 177 using the tantalum
target. The data points for the backgrougié™ and *K lines are
also plotted as reference points.

B. TAS experiment

The TAS technique was used in the second experiment to
search for more evidence supporting the existence of the pro-
posed’’Lu™ high spinK isomer. The effect of putting dif-
ferent gates on the TAS energy spectrum and projecting the
coincident Gey-ray spectrum is demonstrated in Fig. 14,
which shows TAS coincidencesotal projection in the up-
per panel. The strongest previously unidentifi¢édow
marked as hafniuintransition, at 89 keV, is prominent. It is

§ L u——>P7Hf )

4140
419+

90
400

#7Tm——>"vb

10030

70

426

50

Counts

(Ta)

419«

405 425 445460 500 540 580 620
(keV)

1000 1100 1200 1300

FIG. 11. Comparison of the-ray spectra obtained fok=177
using a 1600 s tape-cycle period for mass 177 with target§%f
and tantalum, respectively. Note the presence of the 1003 keV line
which is a candidate for a transition from a state above Kfie
=37/2 isomer inY"Hf, fed directly by theB™ decay of the pro-
posedK™=39/2" state in'’’Lu. The total collection time was
131 min for the'®&V and 321 min for the tantalum target, respec-
tively.
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5

Note that the 1003 keV peak was also observed in the
518 " Tm Cluster experimengsee Fig. 1 and was identified there as a
transition of potential interest with regard to the hypothetical
177 u highK isomer decay. Gating on the 1003 keV transi-
\¢ 1327 tion in the TAS, the 89 keV transition is clearly present in the
coincident Ge spectrum. Figure 16 illustrates that the 89 keV
transition is associated with hafniuig), X rays. Furthermore,
L the x-ray intensity, relative to the 89 ke-ray intensity,
414 implies a small electron-conversion coefficient, and hence
1003 E1 character for the 89 keV transition. The experimental
value of 0.42+0.15 derived from x-ray te-ray intensity
ratio for the 89 keV transition is consistent with the theoret-
ical value ofay(E1)=0.40[46].

We conclude that the 89 and 1003 keV transitions are in
coincidence, and that they are associated with internal decays
100 500 00 000 200 7200 in Y"7Hf. A single-component exponential fit was applied to

E (keV) the time characteristic of the intensity of the 89 keV events

recorded by the small Ge detector in coincidence with the
FIG. 12. Ratio between the-ray intensities as measured by

_ / TAS. The result is shown in Fig. 17, yielding a half-life of
using '8 and tantalum targets with a 1600 s tape cycle or  7.7+3.0 min. The conclusion from these data is that either
=177.

there is a newy-decaying isomer it’’Hf, or (ii) there is a

also (weakly) observed in the Si-detector coincidence prewously unreporte(ﬁ—decay_lng ISomer 'ﬁ.wl‘u'
(middle panel but is effectively absent in TAS anticoinci- The'Sl-detector spectralg;sprlnazyed in Fig. 18 support the
dence(lower panel) scenario ofg decay from a ‘Lu Iev_el. The upper panel

Examining the TAS events in coincidence with the shows the electron events in the Si detector gated by the
89 keV transition as measured in the Ge detectower 89 keV transition in the Ge detector. As expected, there is no
panel of Fig. 15 shows a prominent peak Bt,=1003 keV. strong electron-conversion component associated with the
The small cluster of counts to the low-energy side of thisl003 keV transition(see upper panel of Fig. }8Rather
peak may have a connection with a more complex cascad#ere is a distribution of low-energy events above the energy
The central panel of Fig. 15 represents the 208 Ré¥%u  threshold of~140 keV, suggesting a population yéadecay.
— Y7Hf transition[44,45 measured by the TAS coincidence By contrast, the lower panel of Fig. 18 gives an example of
with 113 keV y rays recorded in the small Ge detector, while known low-energy discrete electron-conversigt and L)
the upper panel shows the 1080 keV transition in the decafransitions that were recorded in the Si detector and are as-
of ""b—1""Lu [38] observed in the TAS when gated by sociated with transitions if’"Yb from an excited statg38].
the 150 keV events from the Ge detector. These two exH we consider the hypothesis of'd’Lu 3 decay to be cor-
amples illustrate how individuaj-ray peaks appear in the rect, then theB end point(in coincidence with the 89 keV
TAS spectra. The energy of the peak as determined from the-ray transition is evidently no more than 650 kel¢ee Fig.
TAS spectrum in the lower panel of Fig. 1B coincidence 18, upper pangland most of theB particles would have
with the 89 keVy-ray ling) is 999+4 keV. energies below the detection threshold of the electron detec-

IS

Ratio W/Ta (1600 s)

w
T

1292

t,,=6:3min
30/ 2 e 2740 ke +AE
1243200 \
—
8s \\ \\
\
T | “.;_5_7_ /r 514 min
1
\ {...050% 32t
4 2199327 638 . FIG. 13. Partial decay schemes fdrLu and
\ - 32| oo /2 177Hf showing the previously reported isomeric
1838 27/2¢ states and the candidate isomer Witfi=39/2
622/ 57 265572 e in ¥Lu (all energies are given with respect
7 /2:2'105 W 23/~ %0d 1593277 to the 7/2 ground state of 77Hf)
e L B \F 136 5__;3//22* [6,39,44,45,47,48,53 54 The ground-state de-
\ 15/27414 2‘: 1135 28 fu/r » cays for 7"Tm and 1""Yb are also shown for
V2 i 368 9 a5y 7y WS completeness.
. 8
VY2 e {Wog 60 13/2+
I/ A—s77] i 1%/+
o1 o 34 é i
F=aBleV| o 203}4321 o/r i
Log ¥ 13 12
My 177|_|f
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200 T TAS—gated Ge (Si no cond) 10804 # 77 Gate: 150 keV (Lu
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100 |°’ e | 20 JL]L
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(b) TAS—gated Ge (Si—coinc) 180} 208+ STTHf Gate: 113 keV (Hf)
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4
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70 8
700
o 50
500 o
300 |‘§ 8 30
;| | 10
100 Ty A L,] ‘ PR [ ar
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FIG. 14. y-ray spectra recorded foh=177 by the small Ge FIG. 15. y-ray spectra recorded &=177 by the TAS, in coin-
detector at the TAS station, with a 1200 s tape period and a tanteidence with different transitions observed in the Ge detector. The
lum target. The strongest previously unreported transition at 89 ke\ape-cycle period was 1200 s and the data were taken using a tan-
is observed in TAS coincidengepper panel It is also observable talum target. The lower panel is of principal interest, showing co-
in coincidence with the Si detectémiddle panel but absent in the incidences with the previously unobserved 89 keV transition. The
TAS anticoincidence spectruttower pane). The 53-56 keV tran- ~ €nergies indicated in the upper two panels corresjguiitth +4 keV
sitions areK,, x rays for hafnium and ytterbium, and the 61—65 keV uncertaintiesto well-known y-ray transitions int’’Hf [44,45 and
transitions are the corresponditg x rays. Y u [38].

N . which means that there is no evidence for dir@etlecay
tor. Note that the significantly different measured decay, anch to the intermediate state. However, the absence of this
y-ray intensities of the 89 keV transition an_d the much Stro”'decay could be due to the poor statistics or could imply that
ger 214 keV line which depopulates tH¢", t,,=51 min  the 3 transition is forbidden by spin/parity selection rules.
isomer in'""Hf (see Table Ilj are consistent with significant The spin and parity assignments are discussed in the follow-
direct B-decay feeding to this state from the proposed highering section.
lying isomeric state. It is also worth noting that the half-life determined for the
Figure 19 shows the proposed partial decay scheme fgvopulation of the 89 keV transition, as observed by the small
the two newly identified transitiong89 and 1003 keYin  Ge detector in the TAS experimefi;,,=7.7+3.0 min), is
L77Hf, following the 3 decay of the proposeld™=39/2 iso-  consistent with that obtained from the Cluster experiment for
mer in7"Lu. The displayed spectrum in the lower panel of the first component, § min, of the two-component “grow-
Fig. 15 is most easily explained by using the scheme showm” curve for 177Hf™,
in Fig. 19, with implied partial3~ feeding through other The placement of the proposédlLu K™=39/2 isomer
(unobservell y-ray transitions with energies less than depends on the various factors, presented above, being con-
1003 keV. This explanation is supported by the intensitysistent with such an isomer populating the 51 nhifHf™
measurements for the 89 keV transition following pele- K7=37/2 state, at an energy of 2740 keyelative to the
cay of the proposed’’Lu, K™=39/2 isomer, and for the "Hf ground state.|f the isomer were of lower angular mo-
214 keV transition following the internal decay of th&  mentum, it would be difficult to understand why no coinci-
=37/2 isomer in'"’Hf. The relative intensity measurements dences with previously reportegiray transitions in’’Hf
are given in Table III. [52,49 were observed in our measurement. Recall also that
Gating on the 1003 keV transition in the TAS does notthe 7.7 min isomer must decay into a hafnium isotope from
yield any significant coincident events in the Si detectorthe x-ray evidence of Fig. 16, and must ha¥e 177, from
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. Gate: 1003 keV in TAS oM
451 IEE
~ 5
' 8
3
351
ol
Hf x rays 3 1 HH 8
r <t
1]
Lg) 25t K % 20 3 Gate: 105 keV (Yb)
a S .
50 2
30
10
100 300 500 700 900
E (keV)
20 60 1O€ (ke\};fo 180 220 FIG. 18. Electron spectra recorded/fat 177 by the Si detector
4

in the TAS experiment in coincidence with) 89 keV y rays mea-
. . } _sured in the germanium detect@ape period 1200 s, tantalum tar-
FIG. 16. y-ray spectrum recorded in the small-volume Ge de get and (b) 105 keV'y rays in Yb (tape period 16 s¥W targey.

tector spectrum foA=177, using a tantalum target, a 1200 s tapeThe rays used for the coincidence conditions were measured b
cycle, a coincidence condition on the 1003 keV transition in the yray y

TAS spectrum, and a subtraction of a similar range of an adjacenrpeans of the small Ge detector, the 105 keV transition representing

N . )
“background” region. The previously unreported 89 keV transition "”°W“ trans_lthn in’ Yk.) (see .Flg' 1$_The_ candldate_ ele_ctron

. : . energies are indicated with their energies in keV, taking into ac-
and the hafnium x-ray peaks are clearly identified.

count the detector threshold ef140 keV and hafnium and ytter-

the mass-separator setting. All of these features can be COHLWI? K- and L't_"”?'”g energies of 65 and 61 keV, and 11 and

sidered as experimental evidence for the observation of &° K€V: respectively.

B -decaying isomer corresponding to the calculated state

with K™=39/2" in Y""Lu (see the following section and Fig. 20, it nevertheless seems to provide the most logi-
The excitation energy of the proposed 39/8omer in  cal explanation of the observed data. The resulting level

171y can be estimated by summing the 89 and 1003 ke\structure is illustrated in Fig. 19.

energies with 2740 keV fot’Hf™, adding=~600 keV for (We note that none of the transitions identified in the cur-

the B-decay energyFig. 18 and subtracting=500 keV for ~ rent work coincide with those reported by Mulliesal. [49].

the Y""Lu ground-stateQ; value[52], yielding an excitation This may reflect the difference in the population mechanisms

energy of=3.9 MeV in "’Lu. Although this is higher than for the two studieg.

the calculated value of 2.7 MeYsee the following section

100 — — IV. THEORETICAL DISCUSSION

5 1 Nilsson model calculations

tyy 7.7 % 30 min Nilsson model calculations, with blocked BCS pairing

[9], have indicated that there are good prospects for finding a
number of favored, higtk states throughout th&~ 180 re-
gion [1,9,10. Blocked BCS calculations fof’’Lu, per-
formed with deformation parameters ef=0.261¢,=0.046
_ [8], together with monopole pairing parameters Gfn)

N
(]
T

w
T

Counts per 100 s
S
|

TABLE lll. Comparison of the intensitiegarbitrary unitg for
the 89 and 214 keV transitions attributed fdHf from the newly
[ R N B T B L proposed 7.7 min and the previously reportgg=51.4 min iso-
100 300 500 700 900 1100 mers[6,38 in 17Lu and 1"™Hf, respectively. The tape-cycle period
time (s) was 1200 s.

FIG. 17. Decay data for the intensity of the 89 keV transition ¢ (keV)

. Nucleus larb unit tyy (min)
deduced from the-ray spectrum measured by operating the small
Ge detector in coincidence with the TAS. Also shown is the resuli89 77y 2.22) 7.7
obtained from a fit assuming a single-component exponential decay, 4 17745 23.7(9) 51.4

which yields a half-life of 7.7+£3.0 min.
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t, /2=7(2) min £39 /27)
71 g ~
Q06 Mev ¥ F77Lu To g
7 ! g b
¢ & &
—8— " 1 X T,
1
I
177 ! 4 N g
Hf 1003 .. 0.15 0.20 025 0.30 : 0.15 020 0.25 0,30
H X=Pcos(y+30°) X=Pacos(y+30)
| ]
t, ;=51 min 37/22 ¥ ® ®)
3/2¢ 214 . . . .
< v FIG. 21. Configuration-constrained PES calculations(&rthe

. . . previously reported yrast five-quasipartick™=37/2 state in
FIG. 19. Proposed partial level scheme associated withyihe  1731¢ e minimum is associated with quadrupole deformation pa-

_ L 77 . i
(;i:éz:trg—geligm?r;?sitilt_)l;:sThe dashed lines represent the possmlerameters(ﬂz,y):(0.261,0‘) and a hexadecapole deformation pa-
y ' rameter8,=-0.047.(b) The predictedK"=39/2" state in""Lu,

=21.50/A MeV and G(p)=22.50/A MeV [9], are shown in With the minimum a{3;, 7)=(0.255,0 and5,=~0.046. Both cal-
Fig. 20. These calculations predict an energetically favore&ulat'o.nS use Lipkin-Nogami pairing and a deformed Woods-Saxon
state which is consistent with the well establish&@ potential.

=23/2Z B-decaying isomeft,,,=160 day$[47,48. The pre-

dicted excitation energy ok,=1.0 MeV is in excellent . . ) . .
agreement with the obgs}(/arvedx value of 0.97 MeV. This iso-177|‘l“"7+The pregd_lcted '\“7'5:30” conf|g7u_rat|on f09r+ this state
meric state decays by both exterrgal (78%) and internaly 'S 3 [404® 3 [514l@ 3 [523].}® V{E_ [S14®3 [624]}. .
rays and internal conversiof22%) branches[47]. It has The corresponding PES for this configuration is shown in

been suggested that the Nilsson configuration of ke Fig. 21. . . )
=23/2 isomer in'Lu is a three-quasiparticle arrangement ~ The population of such a state would be consistent with

comprisingrs “[404] {2 [624] @ L [514]} [48]. Notably, t_he o?served results for thé Hf isomer if there was aK
this is the same configuration as that predicted by thé& 1,8~ decay(which could proceed via an allowed Gamow-
blocked BCS calculations. Teller decay, between the predictek™=39/2 state in

The configuration-constrained potential energy surface’ LU and the well established”=37/2" (ty,=51.4 min
(PES obtained by the method described in R@i0] for the  isomer in'""Hf. The suggested Nilsson configuration of the
K™=37/2 isomeric state in‘/’Hf is shown in Fig. 21. In K7=37/2 state in YHf is {% T404® 2 [514]}
light of the previous discussion of a possie-decaying g v{%_[514]®§+[624]®§_[512]} [39]. This would be con-
isomer feeding this state, it is interesting to note that thesisient with the proposed™ decay from the<™=39/2 state
blocked BCS calculations also predict an energetically fajn 177y proceeding via transforming the configuration from
vored higher lying five-quasiparticle state wkf=39/2 in 7- 5-

w5 [523]—v; [512].

For this to be a valid explanation, the internal electromag-

407 ot netic decay withint’’Lu from the proposedk™=39/2 state
35+ must be highly hindered, otherwise one would expect that it
N Te should also have been observed in the current work. The
3.0t ° i calculations shown in Fig. 20 suggest that the next lowest-
S 55l I energy intrinsic statéK”=33/2") lies just below theK”
2~ e =39/2 state. A simple parity changindyK=3 spin differ-
> 201 v, ence between these two states would be unlikely to produce
o o such a transitior{i.e., anE3 transition), long enough lived
G 157 8o for B~ decay to compete with-ray emission. However, if
1ol ” e the predictedK™=33/2" state lies closer to, or even above,
' b the predictedKk™=39/2 state, the latter may form a yrast
051 ¢ o % (-0 trap, which subsequently decays to states built onKfie
. o 5ap () =23/2 state(AK=8) or the predicted 25/2state(AK=7).
007 : : 'sqp:“") Note that, to date, no rotational transitions built on @
0 200 400 600 =23/2,t,,=160 day isomer have been reported in the lit-

erature. In this way, the lack of interndl’Lu decays are
interpreted here to be a consequence of the conservation of

FIG. 20. Blocked BCS calculation for the energies of the nearthe K quantum number, with largaK transitions being
yrast multi-quasiparticle states if”Lu nucleus with pairing highly retarded[50]. In contrast, the8 decay to!"™Hf is
strengths of5(n)=21.50/A MeV andG(p)=22.50/A MeV and de-  interpreted as beingK' allowed,” with AK=1. Since they
formation parameters of,=0.261 ande,=0.046[8] (see text for ~ decay isK inhibited, it could be said that thg decay is K
details. driven.”

K(K+1)

024320-10



EVIDENCE FOR A HIGH-SPINB-DECAYING ISOMER IN ¥"7Lu PHYSICAL REVIEW C 69, 024320(2004

TABLE IV. Decay properties of the two possibfe transitions 89 keV decay, the experimentak value of 0.42+0.15 is
from the proposecK™=39/2,t;,=7.7 min isomer in'’Lu. The  consistent only with the theoretical value for an electric di-
well-known K7=23/2" isomer, and the ground-stafg decays in  pole decaysee the preceding sectjpiThis assignment then
YLu are also given for referendsee text for details also constrains the 1003 keV transition to h&lecharacter
in order to terminate at thK™=37/2 t;,,=51 min isomer.

17 (f) Ep thartial log ft log ft

(keV) (This work  (Publishedi V. SUMMARY AND CONCLUSIONS
278y ~600.0  77.0 min 4.70 We have presented the results obtained in two experi-
®¥(g,)  ~17000 8.6 min 5.30 ments using collisions between'#Xe beam with tungsten
23— 153 205 days 6.40 6.30 and tantalum targets and on-line mass separation with the
2, ' ' aim of identifying new, high spin isomers in neutron-rich
2 498.2  8.6days 6.7 6.5 nuclei with A= 180. In the first experimeng rays associated

with the decay of the well establishel™=37/2t,,,
=51.4 min isomer int’’"Hf were observed with an unexpect-
edly high yield and an apparent difference in the measured
One of the approaches to investigate the permissibility ohalf-life (t1,2:76f$6 min) compared to the published value.
any B decay is to calculate the log value of the particular These phenomena are presented as potential evidence for a
transition and see how hindered or allowed it is. Thefiog higher-lying, 8-decaying isomeric state #’Lu which popu-
value [51] is determined by the partial half-life, the decay lates theK™=37/2 state in'’"Hf.
energyEg- of the transition, and the atomic number of the  If the second, lower-lying component is fixed at the pub-
daughter nucleus. Table IV presents the fogalues for the lished value of 51.4 min, a two-component half-life analysis
Y u B-decay feeding into th&™=37/2" isomer through of the ¥"Hf y rays following the decay of th&™=37/2"
the 89 and 1003 keV transitiorimarked as,), in addition  isomer gives an estimate ofBmin for the shorter-lived
to the other(possible direct 8 feeding to the 37/2isomer component. This agrees well with the half-life of
(B,) The logft values for the well-knowiK™=23/2 isomer  7.7+3.0 min observed in the TAS experiment. The weighted
and the”’Lu ground state have been calculated and agreaverage half-life for both experiments is 7+2 min. Both sce-

1. Analysis of logft values

with the published valuefs2]. narios are consistent with the multi-quasiparticle and PES
calculations which predict a favore/K™=39/2 five-
2. Spin and parity assignments quasiparticle state if’’Lu.

To assign the spins and parities for the states depopulating
via the 89 and 1003 keV transitions, the Itigvalue for the
state decaying by the 89 keV transition has been calculated This work was supported by the EPSRIK) and the EU
(see Table IV). The calculated value is indicative of an al- access to Large Scale Facilities scheme. D.M.C. acknowl-
lowed transition which means no parity change. For theedges support from Grant-No. AF/100225.
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