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A fusion-evaporation reaction has been employed to search for isomeric states in the near-proton drip-line
N=77 isotones;¢2Tb and'gsHo. The recoiling nuclei were implanted into a silicon detector at the focal plane
of a gas-filled separator, where a recoil isomer tagging technique was employed to correlate prompt and
delayedy-ray transitions across isomeric states. New states were observed to be built upon a knesn 15-
isomer in**?Tb and the feeding and decay of a new 500(20)-ns isomeric state was establish#tbinThis
measurement represents the first observation of excited staté$lm The behavior of the new states above
the isomers suggests that they are built upon low-deformation configurations with significant triaxiality. This is
in contrast to the lighter-mass proton emitters that were recently interpreted as being well-deformed, prolate,
axially symmetric nuclei.

DOI: 10.1103/PhysRevC.63.034321 PACS nunier21.10.Re, 23.20.Lv, 27.60j

[. INTRODUCTION formed, it would be useful to observe excited states in the
parent nuclei. The mass 130—-140 drip-line nuclei have, how-
The mass 130-140 region of nuclei, near the proton drigver, proven to be very difficult to access and study at mod-
line, is currently the subject of a considerable amount oferate spins using heavy-ion fusion-evaporation reactions
theoretical attention. This activity has been directed towardvith stable beam and target combinations. In this region,
the understanding of proton radioactivifg] that was re- evaporation residues that are less neutron deficient are un-
cently observed in*Ho, *Ho, and 13¥Eu [2,3]. In these avoidably produced with larger cross sections than the other
nuclei, the proton decay rates are explained in terms of auclei of interest. The reason th&t*Ho, *Ho, and *Eu
single proton tunneling through a Coulomb plus centrifugalcould be studied1,33] relies on the fact that these channels
barrier using the WKB approximation and spectroscopic faccan be selectively tagged by the observation of a proton de-
tors derived from low-senioritgdeformedshell-model calcu- cay with a specific energy. For the other nuclei in this region
lations [2-5]. In contrast, the proton decay rates in thethat do not proton decay, this method cannot be exploited
heavier nuclei from Z69 (Tm) to Z=81 (TI) have been and therefore, a systematic study of the evolution of nuclear
described by calculations basedsphericalshell-model cal- deformation with mass, cannot be undertaken using proton
culations[6]. In order to add experimental validation to the tagging alone.
predictions that these proton drip-line nuclei can be de- In order to complement the information obtained from
proton-decay measurements and extend the experimental
knowledge of this proton-rich region, another tagging
*Present address: Department of Physics and Astronomy, Univefnethod is required to preferentially select the nuclei of inter-
sity of Manchester, Manchester M13 9PL, United Kingdom. est. The tagging method employed in this work requires the
"Present address: Institut de Physique Naickede Lyon, IN2P3/  presence of an isomeric state that decays/fngy emission.
CNRS, UniversiteC. Bernard Lyon-1, F-69622 Villeurbanne Ce- Isomeric states are not uncommon in this region and indeed
dex, France. proton emission was recently observed from an isomeric
*Present address: Institut de Recherches Subatomique, CNRstate in#™™Ho [3]. Such isomers are a result of the high-
IN2P3, 23 Rue du Loess, BP 28, F-67037 Strasbourg, France.  states that involve théiy,, intruding proton orbit and their
Spresent address: G.S.l, Planckstr. 1, D-64291 Darmstadgssociated high-multipolarity decays. In addition, thg),
Germany. proton orbits tend to favor collective prolate deformed
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shapes withy=0°; and the neutron configurations, being in two TESSA detectors were placed in a close geometry
the upper part of thé,4,, shell, tend to favor collective ob- around the Si-strip detector in order to detect isomeric or
late nuclear shapes with=—60°. Both of the associated delayedy rays that were emitted withir-50 us of a recoil
prolate and oblate potential-energy minima are predicted tarriving at the focal plane. The absolute focal-plane effi-
have similar energief7—9]. Recoil isomer tagging was re- ciency of these detectors was determined te<f29% at 1.3
cently employed to correlate prompt and delayed data acroggey/.

a 6us, K™=8" isomer in **Gd [10] and establish the  The data acquisition was triggered for 565 by a recoil
prompt rotational band built upon the isomer. The selective,yent in the Si detector. During this 305 period, delayed
power of recoil isomer tagging, like that of proton tagging, yays that were detected at the focal plane, events in the

can be demonstrated by the fact that even when the energigiypcC detector. and previously detected promptrays

of t.he prompt _above_|somer_ transitions are kngwn 't. '€ from JUROSPHERE Il were written to tape. The beam cur-
mains almost impossible to isolate these transitions in the : . .

o . rent was approximately 2.7 particle-nA at the higher beam
prompt y-y coincidence data due to the overwhelming num-

ber of competing channels with large cross sections. HOW_energy(236 MeV) and 2.4 particle-nA at the lower beam

. : 226 MeV). These beam currents produced a prompt
ever, now that the first few rays have been established by energy( . .
recoil isomer tagging, high-fold coincidence data from theYay rate in JUROSPHERE Il of 1.3 kHz, and a Si rate of

EUROBALL [11] or GAMMASPHERE[].Z] Iarge arrays of 3.0 kHZ at 236 MeV, and 10 kHz and 2.0 kHZ, at 226 MeV,
high-efficiency detectors should provide this selection. ThigeSPectively. In the experiment, a total of<@C° prompt
paper reports on the establishment of new states above &Yents were correlated with delayed events in approximately
known 15us isomer in*42Tb [13] and the feeding and decay five days of beam time at 236 MeV andx40° prompt
of a new isomeric state id*Ho. This measurement repre- €vents in approximately one day at 226 MeV. Energy and
sents first observation of excited states'ffiHo. The diffi-  efficiency measurements were performed with calibrated
culty in studying these nuclei can be put into perspective**Ba, **?Eu, and °®Co radioactive sources placed both at
by considering that*Ho and '4°Tb are 21 and 17 neutrons the JUROSPHERE || target position and at the Si detector
away from their respective stable isotopé®Ho and1*°Tb.  position for the focal-plane germanium detectors.
It is anticipated that isomer tagging can be selectively
applied to many other isomeric nuclei in this region. In
this way, it will be possible to bridge the gap in knowledge II. DATA ANALYSIS AND RESULTS
between those nuclei that can be studied, at the proton drip-
line using proton-decay tagging, and the less neutron- The analysis was performed using a series of two-
deficient nuclei that have sufficiently large cross sectionglimensional matrices and theAk [19] software package. In
such that they can be studied in heavy-ion fusion-particular, at each beam energy, a recoil-gajegt matrix
evaporation reactions without the requirement of additionalvas created, which contained only those prompt events that
channel selection. were detected in JUROSPHERE 1l in coincidence with a
recoiling nucleus in the Si detector. The main channels popu-
Il EXPERIMENT lated at 236 MeV were measured to be 26#Dy (from the
. . N 2p evaporation channel 54% *3Tb (3p), 11% *°Gd
9 Moderaltie—spm states in the very neutzon-dgezflment nucle|(4p), 8% 14%Gd (a2p), and 3% “ITb (ap). Similarly at
*Tb and **Ho, were populated with thé&Fe+ Mo reac- 256 Mev, the main channels populated were 474Dy

tion. Two stacked 92MO fO”S, of thickness 500 (Zp) 44% 143Tb (3p) 3% 142Gd (4p) 4% 14OGd (a,zp)
+300 ug/cnt, were bombarded wittt*Fe beams at ener- {20 1437y (ap). ’ ' ’

gies of 236 and 226 MeV from the K130 cyclotron at the
University of Jyvakyla Finland. Prompty-ray transitions

were detected with the 27 escape-suppressed germanium
tectors of the JUROSPHERE Il spectrometer that consiste

of 15 EUROGAM type | detectorl4] [of efficiency~70% straints on the time of the delayedray, after a recoiling
relative to a standard 2676 mm NalTl) defector at nucleus was implanted into the Si detector. These matrices

1.3 MeV], seven TESSA type detectofd5], and five alloyved correlation of prompt and.de'layed data across i;o—
NORDBALL type detectors [16] (both of relatve Meric states. I_n order to extract lifetimes for the isomeric
efficiency ~25%). The absolute photo-peak efficiency of Statés, a matrix was constructed of delaygday energy
the JUROSPHERE Il array was measured to-b&.5% at ~against the time that the delayedray as measured by the
1.3 MeV. The recoiling evaporation residues were separateélelayedy versus recoil time to amplitude convert@AC).
from the beamlike particles by the RITU gas-filled separatorThis TAC was started by a recoil event in the Si detector and
[17]. The flight time of the recoils through RITU was ap- stopped by a delayegt ray detected in the focal-plane ger-
proximately 0.5 us. At the focal plane of RITU the residues manium detectors. In the analysis, many new delayed transi-
passed through a multiwire proportional count8fWPC)  tions were observed with half-lives in the nano to microsec-
and implanted into a 16-strip 8085 mm silicon detector ond (ns-usS) range. The most strongly selected transitions
[18]. The Si-strip detector covered approximately 70% of thein this work were assigned to the decay of the knownulkb-
recoil distribution at the focal plane. Three NORDBALL and isomer in 1*2Tb [13] and a new isomeric state if“Ho.

These data were also sorted into a series of prompay
ee:tected in JUROSPHERE) Iversus delayed  ray de-
cted at focal planecoincidence matrices with various con-
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A. H*7Tb v-y matrix to examine the coincidences. In fact this is not

The mainy rays that dominate the delayed spectra, in thethe'case as sett_ing these gates in the prompt matrix results in
lifetime range from 10-30us at the higher beam energy @ highly contaminated spectrum. Unfortunately, the 27 detec-
236 MeV, were the 37-, 137-, 165-, 219-, and 303-keV trantors of the JUROSPHERE Il spectrometer did not yield suf-
sitions, which are known decays from the AS-isomer in ficient statistics to examine thre_efold_ cqincidences for these
12rh[13,9]. 242Tb was produced through the @ exit chan-  Weakly populated channels. This point illustrates the selec-
nel and was strongly observed at the higher beam energy thiyity of the recoil isomer tagging technique for isolating
was optimized to the three-particle exit channels. A similarlylSomeric states in channels with low production cross sec-

ated spectrum from the lower beam ener 226 Me
g b gy d v TABLE I. y-ray energies for the known delayed transitions in

showed little evidence for these transitions. 142Tp [13] and y-ray energies and intensities for the new prompt
By correlating prompt and delayegrays across the iso- transitions above the isomer established in this work. Note that the

meric statd10], the structure that feeds the isomer was ob- » . .
served. Gates set on the 137-, 165-. and 303-keV transitio rompt and delayed transitions are normalized separately in the two

on the delayed axis of the prompt-delayed matrix produced a ctions.
spectru_m o_f new prompy rays t.hat lie above the isomer, DelayedE (keV) »
shown in Fig. 1a). Conversely, Fig. (b) shows the result of
gating on some of these new transitiof®67-, 439-, 538-, 37.05) 81(29)
and 557-keV on the prompt axis of the matrix and project- 137.44) 33(4)
ing out they rays that are in delayed coincidence. The inset 165.32) 34(4)
to Fig. 1(b) shows the low-energy region of the spectrum that 219.31) 1(1)
has been expanded for clarity. It should be noted that the 303.41) 100Q(7)
good low-energy efficiency and resolution of the smaller-
volume TESSA and NORDBALL focal-plane detectors al- PromptE.,(keV) l,
low the K, and Kz x rays to be detectedThe Th x-ray
energies ar&,; ,=43.7 and 44.5 keV, anH 4, ,=50.3 and 143.41) 11(2)
51.7 keV) These x-ray transitions are reduced in intensity in 189.642) 93
the prompt spectra that were taken at the target position due 207.93) 17(4)
to the presence of absorbers on the large-volume 367.11) 48(2)
EUROGAM detectors. The detection of x rays is a useful 395.32) 25(1)
property when the delayed radiation is from an unknown 439.02) 41(1)
nuclide. Table I lists the measuredray energies and inten- 537.92) 41(3)
sities for the known delayed transitions 1#¢Tb [13] and the 557.22) 100(7)
newly assigned prompt transitions above theudbisomer. 628.62) 22(6)
Note that once the prompt transitions have been estab- 759.96) 51(2)
lished above the isomer, it might be expected that the level 876.93) 26(4)

scheme can easily be constructed by solely using the prompt
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— the -y coincidences recorded by the focal-plane detectors.
4% The decay of the 0.3-s (5§ isomeric state was presented in
Vo8 Ref.[9].
(538)
Ly A3h
B. ¥Ho
ary .
@0 760 Figure 3 shows a delayed spectrum measured at the focal
©®) "y __ 4 @ 142 plane of RITU produced from the data at both beam energies
ah y 120 | Tb with the only condition that any ray must have occurred
(3‘6‘7) 5'|7 o 1-3 us after a recoil was implanted in the Si detector. The
IE:30) ers)) main transitions in the spectrum are the 56-, 60-, 148-, and
@9 ____an 37 o i 209-keV vy rays and the 47- and 54-keV x rays. Thesgys

were more strongly populated in the 226-MeV data than the
236-MeV data, which implies that they likely arise from a
two-particle rather than a three-particle exit channel. The de-
layed y-y matrix from the focal-plane detectors was used to
FIG. 2. The deduced level scheme for the states that feed thgetermine the coincidence relations and relative intensities
isomeric state in***Tb. The white part of the transition arrows for these transitions but the specifjeray ordering remains
indicates th_e electron-conversion component. The (_jecay of the 0-3a9mbiguous with the present data. The multipolarities of the
(57) state is from Ref[9]. The decay of the 15us is from Ref.  5nqjtions that depopulate the isomeric state have been de-
[13]. duced from the intensity balance and the internal conversion
coefficients. A consistent solution for the decay of the isomer
tions. In order to proceed further, it was necessary to conis only found if the 56-, 60-, and 148-keV transitions are of
sider the intensities given in Table | and also to construcelectric dipole character and the 209-keV transition is of
another gated coincidence matrix of those prompt recoilelectric quadrupole character. This solution is also consistent
gated y-ray events that were gated by delayed 37-, 137-with the hindered 56-keVy ray from the isomer being a
165-, 219-, and 303-ke\M*?Tb transitions in the lifetime configuration-changing1 transition.
range of 10—20us. Although the statistics in this matrix The use of the recoil isomer tagging establishes which
were small, it was still possible to verify that the 557-, 760-,transitions feed these isomeric states. The result of setting
and 877-keV transitions are in coincidence with each othegates on the 56-, 60-, 148-, and 209-keV transitions on the
and therefore, likely form a rotational sequence. The othedelayed axis of the prompt-delayed matrix and projecting out
prompt y rays in Fig. 1a), 367-, 439-, and 538-keV are the prompt transitions is shown in Fig(a} The effect of
tentatively placed as decays into this sequence, see the lewgdting on the four most intensely populated promptay
scheme for**2Th, Fig. 2. The tentative placing of these tran- transitions in this spectrum, 502-, 724-, 856-, and 885-keV
sitions is based upon their intensities, the fact that the energgnd projecting out the delayegdrays is shown in Fig. @).
sums for the 189.6- and 439.0-keV transitions are consisterithis spectrum shows the delayed 56-, 60-, 148-, and 209-
with the energy of the 628.6-keV transition, and the 439-keVkeV transitions along with the H& ,; , and K, , x rays.
transition was determined to be in coincidence with the 557The inset of Fig. &) shows the x-ray region expanded for
keV transition in a recoil-gated prompg-y matrix. This  clarity. It can be observed that the only x rays in the spec-
level scheme fort*?Tb is consistent with the discussion pre- trum correspond very well with those of the unresolved
sented in Sec. IV. The decay of the &S-isomer, which was K, ,=47.5- and 46.7-keV and the resolvéd;; ,=53.8-
first reported in Ref[13], was confirmed in this work from and 55.3-keV x rays of Z67 holmium. The weakeK 4,

a7

14000
12000
10000
2 .
é 80004 |2 i FIG. 3. A y-ray spectrum gated on the time
2 ' region of 1-3 us after a recoil was implanted
© 6000 into the Si detector from the sum of the 226- and
236-MeV data. A long-lived background region
4000 has been subtracted.
2000 1 2
58 8
0 O, | b
50 100 150 200 250 300 350 400 450 500

ENERGY (keV)
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6001 ® ¥

400

200 FIG. 4. (a) A spectrum of prompty-ray tran-
- sitions that results from setting gates on the 56-,
% 0- 60-, 148-, and 209-keV delayedrays.(b) Spec-
g 0 200 400 600 800 1000 1200 trum of delayedy-ray transitions from setting

gates on the 501-, 723-, 856-, and 885-keV
prompt y rays that feed the isomeric state in
144o. The inset shows the x-ray region that was
used for Z identification. The data are recoil-
gated and are from the sum of the 226- and 236-
MeV data.

ENERGY (keV)

component is hidden by the 56-ke}/ray. ThisZ informa-  coincidence relations and ordering of the prompt transitions
tion and the fact that these isomeric-decay transitions werabove the isomer, shown in Fig(a4, cannot be determined
more strongly populated in the 226-MeV data than the 236from the prompty-y matrix from the JUROSPHERE Il tar-
MeV data, indicate a two- rather than three-particle exitget array alone. These were deduced from a matrix that only
channel, and result in an assignment to the odd-odd nucleuscluded those prompt recoil-gatedray events that were in

“Ho from thepn exit channel. _ coincidence with the delayed 56-, 60-, 148-, and 209-keV
The half-life of the new isomer it*Ho was established

from a series of time spectra gated on the 56-, 60-, 148-, and ) ) . ",
209-keV transitions. Figure 5 shows a time spectrum gated. TABLElAI‘I. y-ray energies and intensities for the transitions as-
by the sum of these transitions from the 226- and 236-Me\Figned to “*Ho in this work. Note that the prompt and delayed
data. The least-squares fit to the data yields a half-life ofransitions are normalized separately in the two sections.
500(20) ns.

Table Il lists the prompt and delayegray energies and DelayedE, (keV) y

intensities for the newly established transitions-fHo. The 46.72) x rays
8.0 53.62) x rays

56.4(2) 10009)

60.4(3) 11(2)

148.22) 91(7)

6.0 # 7 209.02) 54(6)

g | «w“‘ PromptE,(keV) I,

8% b 1 299.13) 1)

£ H.‘;‘ 347.52) 7(2)

}‘ iwln”\" 362.91) 16(3)

2.0 il 429.63) 25(2)

| | 467.82) 192)

| B

0.0 L | 567.33) 105)

2000.0 22000 2400.0 2600.0 723.64) 64(5)

Time (channels) 761.79) 16(3)

FIG. 5. The lifetime plot for the 500(20)-ns isomeric state in 813.16) 36(4)

14440 and the least-squares fit to the data. The spectrum is the result 856.02) 47(6)

of a sum spectrum gated on the 56-, 60-, 148-, and 209-keV tran- 868.53) 27(5)

sitions in the sum of the 226- and 236-MeV data. A local back- 885.25) 42(4)

ground from the adjacent region to the peak was subtracted from 913.08) 10(2)

each gate used in the sum.
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transitions in**Ho in the lifetime range of 1—-3us. Al-  macroscopic-microscopic mass model of IMo et al. [22]

though the statistics in this matrix were small, it was still and the recent calculations of Rykaczewskal. [3] suggest
possible to confirm that the 502-, 724-, 856-, 885-, and 813that ***Ho and **Ho have a large quadrupole deformation,
keV transitions are in coincidence with each other and arg.~0.29, 1**Ho is only weakly deformed, an&*'Ho has a
likely to form a rotational sequence. Figure 6 shows the sunspherical equilibrium shapg3], with a sharp change in
of the 502-, 724-, and 856-keV gated spectra from this manuclear shape from prolate to oblate’4fHo. Similarly, for

trix. It was not possible to definitely establish whether thethe terbium isotopes, the lighter isotop¥§™*Tb are pre-
913-keV transition was also in coincidence with this 502-,dicted to have a prolate deformation with a sharp change to
724-, 856-, 885-, and 813-keV transition sequence in theseblate deformation at*’Th. According to Mdler et al.[22]
data, but this is likely. In addition, several other prompt

rays (363-, 430-, and 468-kelVwere observed to be in — a9
prompt coincidence with the delayedrays in *Ho. The
most likely position for these transitions is tentatively shown 813
in the proposed#Ho level scheme, Fig. 7 and is consistent .
with the discussion presented in Sec. IV. —1 a7

Based on the total number of prompt counts in the .
prompt-delayed spectra fdf“Ho [Fig. 4a@)] and 1*?Tb [Fig. e 885
1(a@)], the production cross sections for these bands were es-
timated to be~16 wb and~8 ub, respectively. These val- (868) —y ash)
ues assume total fusion cross sections, predicted from
“evapoR”’ [20] based on the code of RdR1], of 235 mb UM_\ 836
and 382 mb at beam energies of 226- and 236-MeV, respec- (468)
tively. 792 ..y WY

az 4
IV. DISCUSSION A 724 144

The mass 130-140 region of nuclei is well known for 104 | |
exhibiting nuclear shapes that become rathesoft or tri- \ 502
axial as the neutron number approaches the less deformed (36\3_)___, } o
region around theN=382 shell closure. This loss of axial &% (2,9’9)
symmetry makes it difficult to assign specific configurations A
to particular states as the single-particle nuclear orbits be- (34,8) (I*) 56 ©
come severely mixed. The underlying reasons for this behav- 500(20) ns‘ """" 6'0 148 '""2'3‘9

ior trend are related to the fact that the protons are in the
lower part of thehy,,, shell, where prolate deformed shapes  FiG. 7. The level scheme deduced from these data for the states
are preferred, and the neutrons are in the upper part of th@at feed and depopulate the new 500(20)-ns isomeric state in
hi1/» shell where oblate shapes are preferred. For examplé#Ho. The white part of the transition arrows indicates the
predictions for the holmium nuclei, based on theelectron-conversion component.
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some of the nuclei in this region, for exampl¥3Tb(y=
—27°) [24] and *%®r(y= — 15°) [25]. The largey deforma-

tion is responsible for the large signature splitting of the
single-particle orbits and can be observed in Figs. 8 and 9 for
thehqq, protons and thé,4,, andf,,, neutrons, respectively.

A consequence of this large signature splitting is that rota-
tional bands built upon these orbits are expected to form
decoupled Al =2) bands with one signature of the configu-
ration being more favored than the other. Under these triaxial
conditions, the individual Nilsson quantum numbers are not

Quasiproton ¢’ (MeV)

‘/ / N - \—- - . .
05 ; AN AN N2t R ' L conserved, for example, the neutrbp,, orbit will contain
0.1 0.2 0.3 0.4 0.5 0.6 . f
substantial components from tlie, orbit, etc. As a conse-
#io (MeV) p @2

quence, in the following discussion the configurations will be
FIG. 8. Representative cranked-shell-model calculation for prolabeled by the standard convention for parity) (and signa-

tons performed for 1*2Tb with deformation parametersg,  ture (@), whereE andF refer to (7,a)=(—,—1/2); and
=0.192, B,=—0.022, andy=—-30°. The parity and signature (—,+1/2),, respectively. The label$s and H refer to
(m,a) convention for the lines in the plots are as follows: solid (7 o) =(—,—1/2), and (-, +1/2),, respectively, and the

lines refer to (n,a)=(_+,1/2), dotted lines refer to#,a)=(+, positive parity labelsA and B refer to the @r,a)=(+,
.—1/2), dash-dotted lines refer tom(a)=(—,1/2), and dashed +1/2), and (+,— 1/2), orbits, respectively.
lines refer o 7, ) =(—,~1/2) quantum numbers. The low statistics for these recoil isomer tagged data do

: o a2y 144 not permit unambiguous spins and configurations to be as-
the two nuclei studied in this work,”“Tb and *Ho, are the  gigneq for the bands established in this work. For example, it
lightest isotopes in each case to show oblate nature and for{)o 4 have been useful to consider angular correlation ratios

the N=77 boundary between prolate shapes for the lightet, 55sign transition multipolarities and therefore, spins to the
isotopes and oblate shapes for the heavier isotopes. HoVates “Such information may be obtainable from the large
ever, it should be noted that these calculations do not allow,idetector arrays now that the first few transitions have

for nonaxial shapes. _ , been established in this work. However, in order to under-
In the present work, theoretical total Routhian surfacegang the underlying configurations of the isomeric states in

(TRS) and Woods-Saxon cranked-shell-modeBM) calcu- 14444 ang 1421 it is instructive to consider the properties
lations [23] have been performed. The CSM calculationst the states above the isomers which from these data appear
were performed at a deformation extracted from the TR, form collective rotational bands whose nature is domi-
calculations 6_2:.0'192’ Ba= _0'022’, andy=—30°) and  pateq by the presence of the protiopy;, orbits. To test these
represent a triaxial nuclear shape. Figures 8 and 9 show thaea\s, the rotational bands built upon the isomeric states in

results of this calculation for the protons and neutrons, re444,, 2nq 142rp have been systematically compared with
spectively. This large triaxiality is a consequence of the com-

ther h tational bands in th ighbori |€Th
petition between the different shape-driving effects of the0 erhuy, rotational bands in the neighboring nucléthe

q 4 I blished f P stematics of thé&l=78 odd-proton nuclet*Pm, 3%m,
protons and neutrons and is a well-established feature faf, 141z, were recently discussed in RE2A].)

Figure 10 shows the aligned angular momentomalign-
mend, i, [26] versus rotational frequency for the above-
isomer rotational bands it*Ho (consisting of the 502-,
724-, 856-, 885-, and 813-keV transitiorend *Tb (con-
sisting of the 557-, 760-, and 876-keV transitipfrom this
work with that of the neighboring odd-mass,,, bands in
Yo [27], *°Tb [24], *%Eu [28], and *Eu [29]. The
bands in'*Ho and *?Tb have both been plotted with an
isomer band-head spin ofi7and aK =57 . These values are
assumed to be the most likely spins based on the available
orbits around the Fermi surface shown in Figs. 8 and 9 and
also the likely multipolarities for the delayed transitions
based on intensity argumen{®otice the similarity of the
decay schemes fol*Ho and 1#2Tb above the (5) state in
FIG. 9. Representative cranked-shell-model calculation for neu-14,2Tb'] In Fig. 10, the **°Tb band_[24] is observed to gal_n
trons performed for ¥2Th with deformation parametersg,  alignment at 0.38 MeV and again at 0.44 MeV. The align-
=0.192, B,=—0.022, andy=—30°. The parity and signature Ment gainAi,=4% at 0.38 MeV was interpreted as the first
(,a) convention for the lines in the plots are as follows: solid allowed proton-band crossingthe so-calledFG proton

Quasineutron ¢’ (MeV)

0.1 0.2 0.3 0.4 05 0.6

lines refer to ¢r,a)=(+,1/2), dotted lines refer tos,a)=(+, crossing involving the second and third protons since the
—1/2), dash-dotted lines refer tor(a)=(—,1/2), and dashed configuration of this band is based on the first protdm,
lines refer to ¢r,a)=(—,— 1/2) quantum numbers. E orbital being occupiefi24]. Other bands whose configura-
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o o e e b e B FIG. 11. The aligned angular momentur versus rotational

frequency for the rotational bands t“Ho and **?Tb from this  frequency for thewhy,,,® vhyy,, bands in theN=77 isotones. A
work (see text for detailscompared with that of the neighboring reference band with Harris parametdB0] Jo=12.0:2 MeV ™!
odd-massh;,, bands in**Ho [27], 3Tb [24], ***Eu [28], and andJ;=25.00* MeV 3 [29] was subtracted from all data in the
14y [29]. A reference band with Harris parameteid0] J,  figure.

=12.0h°MeV ! andJ,=25.06*MeV 2 [29] was subtracted from

all data in the figure.

ment for the knownmh,,,® vhy,, bands in theN=77 iso-
tones. In the figure, the bands #M?Tb and *4Ho show a

tions are based on thish,4,, proton E orbit are shown for larger signature splitting than those 1#Pr [32] and ¥%Pm

14 13 14 P .

*Ho, .gEu’ and *Eu. These bands ShOV_V S'”.‘"ar align- 33]. Notice that the alignment for the strongly coupled
ment gains at 0.37 MeV although the europium iSOtOPes exp s i3 136pr and 13%Pm have adjacent points midway be-
hibit a weaker mixing ;trength. F|gure 1.0 shows th‘?t thetween each other compared with the decoupled, presumably
behavior of the band built upon the isomeric statéffHo is more triaxial. bands in the heavier nuclTb and o
similar (albeit with a slightly higher crossing frequency that that show a’ shift from the midpoint. A decouplddy,

gc)lglét?:ly rillta toei 4t0MLh\? S\;zgrﬁﬂ;rdi?é?e:??& h?ir?tlggleo rvve round-state band was also recently observedtHo [34]
9, ) ! b ith a large signature splitting.

neutron crossing(EF) in *3Tb [24]. Unfortunately, in the
present data set fof**Ho there were not sufficient statistics
to verify the y-ray coincidences and ordering of the transi-
tions above the 813-keYy ray and therefore, the total align-
ment gain could not be established. In a similar manner, the Two new bands built upon the isomeric statesffiHo
values for *°Th appear to lie along the same locus as theand 242Th show a behavior that is consistent with that ex-
points for the other bands based on the first, proton orbit.  pected from deformed nuclei with a large triaxiality. Their
The coincidence relationships for tHé*Tb band do not al-  underlying single-particle configurations are likely composed
low this band to be extended into the band-crossing regiorof 7h;,® v(hyq2,f72) or why1,® v(Sy/2,d3,) states. In or-
However, they appear to show the start of a slight upturrder to fully determine the underlying configuration, the ob-
between 0.3 and 0.4 MeV. Due to these similarities, thesgervation of the full-band crossings, which was not possible
new bands above the isomers 1f¢Tb and ***Ho are rea-  with the current experimental setup, would be required. Now
soned to have the same underlyinb,,/, protonE configu-  that the low-spin transitions have been identified by a recoil
ration as their neighboring nuclei coupled to the lowest neuisomer tagging technique, an experiment with one of the cur-
tron configurationvE or vA, i.e., why,®v(hyyp,f72) Or  rent state-of-the-art large multidetector arrays, such as
h11® v(Sy1/2,d355) configurations. EUROBALL [11] or GAMMASPHERE[12] should provide

Strongly coupled bands, based on thle,,,,® vhy,,con-  sufficient resolution and high-fold statistics to extend these
figuration, were recently observed #°Tb [31]. The differ-  bands built upon the isomers and to find additional bands. It
ences between these bands'ffiTb and the bands it*?Tb  is expected that recoil isomer tagging will play a major role
and *Ho are consistent with those expected for the largein identifying nuclei in this region and thereby bridge the gap
triaxiality and smaller deformation in the heavier nu¢2g]. in knowledge between the proton emitters and the less
This triaxial interpretation is also consistent with the system-neutron-deficient nuclei that can be studied by heavy-ion
atic trend observed for othed=77 wh,,,® vhyy;, bands fusion-evaporation reactions with stable beam and target
where a sharp change in behavior is predidt2?] for the = combinations without the requirement of additional channel
heavier isotone$*’Tb and ***Ho. Figure 11 shows the align- selection.

V. CONCLUSIONS
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