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B-decay half-lives of new neutron-rich isotop&ETb and %8Tb produced in the 20 MeV proton-induced
fission of 2%%U have been determined to be 1@% s and 8.213) s, respectively, using a gas-jet coupled
on-line isotope separator. The present half-lives and those of the recently identified Hetai 61Sm,
165Gd, 15¢Th were compared with theoretical predictions. The recent calculation by the gross theory with the
new one-particle strength functions shows quite good agreement with the experimental half-lives. Excited
states of the daughter nuclidé&Dy and %Dy have been established for the first time. Level energies of the
first 2" states in even-even Dy isotopes were found to show an irregular behavibiDgt and increasing
deformation toward the neutron midshell aroude 104.[S0556-28189)00106-5

PACS numbsd(s): 23.20.Lv, 23.40-s, 27.70+q

[. INTRODUCTION contribute to the calculations. Although the nuclei studied in
the present work do not directly influence thprocess, their
Experimental studies on nuclear properties of neutron-riclexperimental half-lives give a good opportunity to test the
nuclei in the mas#\> 160 region are limited to the vicinity Vvalidity of various theoretical predictions gg8-decay half-
of stable nuclei because of difficulties in their productionslives. In previous work7-9], we determineg3-decay half-
and observations. So far those nuclei have been producéjes of new neutron-rich isotope$*®Pm, *'sm, **%Gd, and
through the spontaneous fission 8f%Cf and heavy-ion 166'I'b,_ and found that the experimental half-lives were sys-
multinucleon transfer reactions. Ground-state properties a§matically shorter than those of theoretical calculations. In
well as excited states of them and their daughters have bedirticular, the calculated half-lives faf°Th were 4-8 times
studied through th@~ decay using an on-line isotope sepa- as long as the e.xp.erlmental one. Tq examine further system-
1 sy g gy e (5 15 Sl doca e of ot ten,
copy using a large array of Ge detectdss5]. Despite the with theoretical calculations.

recent progress in experimental techniques, the most 16Dy and LDy, the daughter nuclides of®*Tb and

neutron-rich nuclei whose excited states have been estaqegTb lie in the well deformed region near the midshell of

L|shed'|n theA>160 retglon arei the tones .Wr':h only two netu-b oth wide proton and neutron open shells. The neutron mid-
rons In Excess over the most Neutron-nch even-even stabig,e| gefined between th=82 and 126 shell closures is

nuclei with only a few exceptionf2]. In the present work, |,cated aN=2104 around which it is expected that the maxi-
we have studied th@~ decay of new neutron-rich iSotopes mm geformation occurs. For Dy isotopes, the midshell
16"Th and %8Tb produced in the 20 MeV proton-induced 17 : .

P p nucleus is "y;q,, while the most neutron-rich nucleus

fission of 23%U. This reaction has high relative fission yields \yhose excited states have been established Wy, Ex-
for A>160 nuclei as well as the spontaneous fission Oherimental information for the nuclei far from the stable nu-

252Cf- B-decay half-lives of'*"Tb and *%Th have been de- (e is highly desired to understand nuclear structure around
termined for the first time, and excited states of their daughthe midshell region.

ters %Dy and %Dy which are the nuclei with three and
four neutrons in excess over the most neutron-rich stable
nucleus, respectively, have also been established.
B-decay half-lives are one of important quantities related The nuclei **’Tb and *%Tb were produced through the
to the stability of neutron-rich nuclei. In particular, they play proton-induced fission of*®U and mass-separated using the
an important role in astrophysical calculations for nucleosyngas-jet coupled on-line isotope separator at Japan Atomic
theses through the rapid neutron capture pro¢egsocesy Energy Research Instituted AERI-ISOL) [10]. A stack of
(e.g., see Ref[6]). Since ther process passes through the eight 23U targets was bombarded with a 20 MeV proton
very neutron-rich region mostly beyond the limit that experi-beam of about 1uA intensity from the JAERI tandem ac-
mental data are available, theoretical half-lives also greatlgelerator. Each target was electrodeposited with a thickness
of about 4 mg/crh on an aluminum foil backing. Fission
products emitted from the targets were thermalized in argon
*Electronic address: asai@tdmalphl.tokai.jaeri.go.jp gas loaded with Pblaerosols, then transported into an ion

II. EXPERIMENTS
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FIG. 1. B-coincidenty-ray spectrum for the mass 1616 frac- tion B vray sp

tion.

. between these detectors were recorded event by event to-
source of the ISOL by the gas-jet stream through an 8 ngyether with time information used in a half-life analysis.
capillary. The '®"Tb and %8Tb were ionized in the surface

ionization-type thermal ion source and then mass-separated
as monoxide ions. The present ion source efficiently ionizes

rare-earth elements as both elemental and monoxidg 1@ns Figure 1 shows g3-coincident y-ray spectrum for the

If the *7Tb (or °®Th) are mass-separated as the elementanass 16# 16 fraction. DyK X rays originating from thes~

ion Tb", they cannot be observed due to severe contaminadecay of 1°“Tb were clearly observed, and weak HOX

tion from monoxide ions of the nuclei with the mass numberrays, 133.2, 250.0, 310.3, and 569.7 ke\fays associated

167— 16 (168- 16) whose fission yields are more than threewith the 8~ decay of the daughter nuclidé® Dy (Ty;

orders of magnitude as large as that'®fTb (}¢°Tb). Onthe =6.20 min) were also observed. Figure 2 shows decay

other hand, when they are mass-separated as the monoxigerves of the DyK X andK ; X rays fitted by the exponen-

ion TbO", the contamination from other molecular ions aretial function. The half-lives of 2@1) s and 197) s were ob-

almost negligible. To enhance formation of the Th@ the  tained. In the second experimental run, the RyX rays

ion source, a small amount of oxygen gas was injected intexhibited a 184) s half-life. By taking weighted average of

the Ar gas-jet stream. these values, the half-life of th#’Tb was determined to be
The mass-separated ions of interest were implanted intd9.427) s. In addition, weak 57(2) and 69.72) keV vy rays

an aluminum-coated Mylar tape in a tape transport systengxhibiting similar short half-lives 020 s were observed.

and periodically transported to a measuring position at timeAlthough coincidences between theserays and DyKX

intervals of 64 s for'®’Tb and 20 s for'%®Tb. The measuring rays were not recorded due to poor statistics, these are can-

position was equipped with a sandwich-type plastic scintilla-didates for they rays originating from the8~ decay of

tor for B-ray measurements, a short coaxietype HPGe  ¢7Th.

detector(ORTEC LOAX), and a 35% coaxiah-type HPGe Figure 3 shows gB3-coincident y-ray spectrum for the

detector(ORTEC GAMMA-X). 8-y and y-y coincidences mass 168 16 fraction. DyKX rays from theB~ decay of

168Th were clearly observed, and weak 192.5 and 487.0 keV

IIl. RESULTS
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TABLE I. Energies, relative intensities, and coincidence rela-1996 [14,15 are listed in Table II. In the gross theory, the
tions of y rays associated with the~ decay of ***Tb. one-particle strength functioB, which represents the dis-
tribution of B-decay strength of one particle plays a crucial

Energy(keV) Intensity Coincidenty rays role in the calculation of the tota-strength functionM q|2.

Dy KX 184(28) KX, 75.0, 173.4, 227.0 Here, () denotes the type oB-decay operator; the Fermi,
74.966) 50(10) KX, 173.4, 227.0 Gamow-Teller, and first-forbidden transitions are taken into
173.378) 10019) KX, 75.0, 227.0 account in the model. In the GT2-1996, these functiDrs
227.0316) 56(15) KX were modified against those of the GT2-1992 to reproduce

more reasonablgd-strength functions. Details of the im-
provements and the form of the new function for the
y rays from the daughter nuclidé®®Dy (T,,=8.7 min)  Gamow-Teller transition are described in Rgf5]. In addi-
were seen. In addition, 74.88, 173.378), and 227.08l6)  tion to this modification, input parameters of tkg; value
keV v rays were observed. Figure 4 shows decay curves afised in the calculations were changed. Tg values of
the DyK X rays and 173.37 ke rays. The half-life of the °%Pm, 101Sm, 1%5Gd, and 1%¢1671%p in the GT2-1992
188Th was determined to be §3) s from that of the Dy were taken from the mass formula by Tachibatal. [16]
K, X rays. The 74.96, 173.37, and 227.03 keMays also  improved by following Ref[17], while those in the GT2-
exhibited similar half-lives of &), 9(4), and &4) s, respec- 1996 were from the systematics by Audi and Wapstra in
tively. Thesey rays were coincident with DX X rays and  their atomic mass evaluatiof$8]. For thepn-QRPA, three
coincident each other. Therefore, it is concluded that thesgitferent half-lives are listed in Table II, which were calcu-
three y rays originate from the8™ decay of °*Tb. y-ray  |ated using three different input parameters of @ value
energies, intensities, and coincidence relations are summand deformation taken from the mass formulas by Eilal.
rized in Table I. [19], Grooteet al.[20], and Mdler et al.[21]. The Q4 val-
ues used in the calculations are also listed in Table II.

IV. DISCUSSION As shown in Table Il, the GT2-1992 and tiperQRPA
systematically overestimate the half-lives for these nuclei. In
particular, the calculated half-lives fdf®1671%¢h are 3-8

Experimental and theoreticgtdecay half-lives of®**Pm,  times longer than the experimental ones. On the other hand,
161gm, 165Gd, and 66167169 h are summarized in Table 1. the calculated half-lives of the GT2-1996 were greatly im-
The half-lives of °%Pm, 161Sm, 165Gd, and%°Tb were de- proved against those of the GT2-1992, especially for
termined in our previous experimerid-9]. The theoretical 061671 and are in good agreement with the experimen-
half-lives were taken from the calculations by Tachibanatal ones.

A. B-decay half-lives

et al. with the second generation of the gross the@y2) The modification of the3-strength functions in the GT2-
[11] and by Staudet al. with the proton-neutron quasiparti- 1996 made the calculated half-life shorter; if the s
cle random-phase approximatigon-QRPA) [12]. value is used as the input parameter, the GT2-1996 estimates

For the gross theory, two different half-lives calculated bythe half-life about 0.5 times as short as that of the GT2-1992.
the version in 1992GT2-1992 [13] and that in 1996GT2-  The Qg values for *°Pm, 1®'Sm, *%°Gd used in the GT2-

TABLE Il. Comparison between experimental and calcula@edecay half-lives of*Pm, 161sm, 1%5Gd,
1667, 167Th, and*°®Th. TheQy values listed together are the input parameters used in the calculations.

T Qg T Qg T Qs
(s (R  (Mev) (9 (R (Mev) (59 (R% (MeV)
159m 1615m 165Gd
Experimental 2r1 4.8+0.8 10.3-1.6
GT2-1996[14] 3.08 (1.59 5.52 6.72 (1.40 4.80 16.0 (1.595 4.19
GT2-1992[13] 6.54 (3.27) 5.44 16.0 (3.33 464 30.7 (2.98 4.18
pn-QRPA[12] (Hilf) 293 (1.4 5.12 10.7 (2.23 4.71 20.6 (2.00 3.92

(Groote 254 (127 4.89 13.0 (27) 451 274 (266 3.77
(Moller) 280 (140 5.29 126 (263 498 184 (179 4.14

1667, 167 16871,
Experimental 2*6 19.4:2.7 8.2:1.3
GT2-1996[14] 336 (160 4.89 182 (0949 4.10 7.25 (0.8 5.97
GT2-1992[13] 114 (5.43 4.50 826 (420 361 349 (420 5126
pn-QRPA[12] (Hilf) 837 (3.99 4.80 67.3 (347 354 371 (452 574

(Grootg 166 (790 454 130 (6.70 341 684 (8349 537
(Moller) 828 (399 4381 63.0 (3259 386 286 (349 5.78

8R=T,,(calc.) /Ty (exp.).
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TABLE lIl. Inertial parameters %#%/27) and decoupling parameters)( of the »1/2 [521] rotational
bands inN=99, 101, and 103 odd-mass isotones. These parameters were extracted from the level energies of
the 1/2°, 3/27, and 5/2 states in this band.

Nucleus k22T Nucleus KeRg Nucleus K2R2T

(N=99) (keV) a (N=101) (keV) a (N=103) (keV) a
175n 14.03 0.797 AN 14.91 0.795

171§ 12.57 0.777 173§ 12.94 0.818 1754f 13.44 0.747

16%p 11.76 0.791 17y 12.24 0.850 173y 12.29 0.671

167 11.09 0.699 169 11.93 0.831 Mgy 11.67 0.623

165Dy 10.32 0.567 167Dy 10.82 0.769

1992 and the GT2-1996 are about the same. Thus the im- %2

provements of the calculated half-lives for these nuclei are E(1)=Eo+ ﬁ[l(l +1)+a(—1)" YA 1+1/2)],
mostly due to the modification of thg-strength functions.

On the other hand, the large deviations of more than a factor . o .
of 4 for 166.167.168 i the gT2-1992 are not only due to the whereE(l) is the excitation energy of the spirstate,E, is

. the bandhead energy, and/2.7 anda are the inertial param-
B-strength f””?g‘g?;?g‘ al_so due to the sn@}) values; the eter and the decoupling parameter, respectively. ifig.7
Qg values for =225 ¥b in the GT2-1992 are 400—700 Lo \
. and a of the 1/27[521] bands inN=99, 101, and 103 iso-
keV as small as the evaluated ones by Audi and Wapstr

which were employed in the GT2-1996. The corrections o 30/2? S ae:éra;/tzedsigi;ns[t;% Z):gltgﬂﬁnnmz:}ige; qlfatbhlg iLI/IZ
input Q values in the GT2-1996 fof®®1%"1%¥b in con- ’ '

junction with the modifiedB-strength functions, made the These parameters show smooth change with both proton and

. 2
calculated half-lives shorter by a factor of 3-5, and consepeUtron number; thé:*/27 monotonously decreases from

quently agree well with the experimental ones. tungsten to dysprosium, and both th&2.7 anda of the N

X =101 isotones are larger than those of tthe 99 isotones.
The overestimates by tha+QRPA are also partly due to 67
the inputQ values. The half-lives of®®¢7184p calculated Ih\i parramer;ce:siof fDﬁl V?/x:rr]actet)d \tror{nrfgen57.2 and 69.7
by the pn-QRPA (Groote are 7—8 times as long as the ex- €V y-ray energies 1olow the above tendency.

perimental ones. These large deviations result from the small Ftrodm tLhet st)éstergatglszoft;chﬁ;lloﬁ '?‘“1%983' Ilt IS e?-
Qg values used in the calculations. Tig; values in the pecte at the 52512 bandhead in y les 4

PP-QRPA (Hilf) and (Moller) for 16616716 are also ~100 keV, and a transition to the 3/2state in the

smaller than the evaluated ones by Audi and Wapstra. Howé—u 2*[52111]0bani S\r}ou';_j be observégZ]. Ln the «G—rayh_sphe_c-
ever, even if the evaluate@, values are used in then- "o @ .62) keV y-line was weakly observed, which is a

QRPA calculation, it is estimated that the calculated half_cand|date for this transition. Further measurements are

lives for 181Sm, 195Gd, and%6:167.1¢p are still longer by a needed to assign this transition.
factor of 2—3[7].
C. Excited states of %Dy

B. Excited states of'*Dy Figure §b) shows a proposed decay schemé®Th. The

The observed 57.2 and 69.7 kel rays tentatively as- 74.96 and 173.37 keVy rays were assigned to the; 2
signed toy transitions in%Dy are considered as the 3/2 —0; and 4 —2; transitions in the ground state band, re-
—1/2- and the 5/2—1/2" intraband transitions in the spectively, by considering their energies and intensities. Ac-
v1/27[521] band as shown in Fig.(8). Low-energy states in cording to the systematics of the Nilsson orbit assignments,
169,00, 1%byo;, 3Hfy0;, and %W,y isotones show the 65th proton and the 103rd neutron of tH&Tb ground
quite similar structure consisting of rotational bands built onstate are expected to occupy th&/2°[411] orbital and the
the 1/27[521], 5/27[512], and 7/2[633] Nilsson states v5/27[512] orbital, respectively; *"Erjgs,  13Ybygs,

[22]. The ground state configuration of these isotones is thé ™Hfyq3, and "W,y isotones have a ground state configu-
1/27[521], which is also expected if®'Dy. Intensities of3  ration of 5/2[512] [22]. Thus the ground state spin and
feedings to levels in®’Ho are also consistent with the /2  parity of °8Tb is expected to be 4 by following the Gal-
assignment for the ground state ¥fDy [23]. On the other lagher and Moszkowski coupling ru[@4]. The relative in-
hand, the ground state configuration ‘§fTb is expected to tensities of the 2—0; and 4 —2; transitions are not con-

be thew3/27[411], as well as that of neighboring odd-mass tradictory to the 4 assignment.

Tb isotopes. If the ground state spin and parity of tA@b The 227.03 keVy ray is expected to be an interband
is 3/2", its B~ decay and followingy transitions could transition because its energy does not match with intraband
strongly populate the 372and 5/2 states in the 1/2[521]  transitions from low-spin states. I0-162164160y  the K™
band and the 5/4512] bandhead. Energies of the 57.2 and=2" octupole band and th&™=2"y band are found at
69.7 keV y rays are fairly consistent with the expected en-excitation energy around-1 MeV, and intensey transi-
ergies for the 3/2 and 5/2 states in the 1/2521] band in  tions from the octupole band to theband are observd@2).
16Dy as described below. Level energies oKa 1/2 band  Considering the systematics of level energies, branching ra-
are represented by the following equation: tios of y transitions, and the observed coincidence relations
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and (b) %8Th.
FIG. 6. (a) Level energies of the first2states in even-even Gd,

Dy, Er, Yb, Hf, and W isotopegb) Energy ratios between thqf4

and intensities, the 21—>3;“ assignment is likely for this I - _
and Z statesE(4])/E(27) for even-even Dy isotopes.

transition. Owing to poor statistics, the;3-2, and 3]

— 4] transitions could not be observed in the present experi- ) i ) i
ment. systematically overestimate the half-lives for these nuclei.

Figure §a) shows excitation energies of thg tates in On the other hand, the calculated half-lives of the GT2-1996
even-even Gd, Dy, Er, Yb, Hf, and W isotopes. Thg 2 were greatly improved against those of the GT2-1992, espe-

H 166,167,16 H H
energy of Dy isotopes takes the minimum'&fDy, and then cially for Tb, and are in good agreement with the
experimental ones. This improvement is not only due to the

218:)2”?:,2632}0-:2:;5:%igﬁ?:i%%er(]lgge;pil;]etgd :22:[ thenew one-particle strength functions employed in the GT2-
. y y 1996 but also due to the corrections of ingQp values
topes as suggested in RE5]. However, the present result which were taken from the systematics by Audi and Wap-
revealed that the 2 state again decreases in energy%Dy. stra

Thfa energy of the # states also shows .th_e same .tendency. Excited states of the daughter nuclidE2Dy and 68Dy
This indicates that the second energy minimum exists arounflaye peen established for the first time. The excited states
Nw1C')4 as in Er, Yb, 'and Hf isotopes, which is reasonably,carved in'*Dy were assigned to the 3/2and 5/2 states
explained as the maximum deformation at fe 104 neu- j, yhe ,1/2-[521] rotational band. Level energies of thg 2
tron midshell. In contrast to the1+2ener%y, the energy ratio o4 4 states in1*®Dy were found to be lower than those in
between the 4 and 2" statesE(4;)/E(27) for Dy isotopes 185Dy . It indicates that the second energy minimum of the
Increases smoot_hlyh Vn'th nﬁutron_ number :]owarhd Me 5+ gtates in Dy isotopes exists around fie-104 neutron
~104 ’??““0” midshe ' as shown in Figbp Thus t_e €N midshell, which is reasonably explained as the maximum
ergy minimum aN =98 is considered to be a rather imegular yotormation at the midshell. On the other hand, the first
behavior. This implies the existence of some local effect tq;nium atN =98 implies the existence of some local effect
enhance nuclear deformation aroutfiDy. to enhance nuclear deformation arouttdDy.

V. SUMMARY
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