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13684 studied via deep-inelastic collisions: Identification of the(why,,)73, isomer
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Amultinucleon transfer reaction between a thin self-supportet target and an 850 Met£5Xe beam has
been used to populate and study the structure oNth80 isotonelg’gBa. Making use of time-correlategray
spectroscopy, evidence for &f=(10") isomeric state has been found with a measured half-life of 91+2 ns.
Prompt-delayed correlations have also enabled the tentative measurement of the near-yrast states which lie
above the isomer. Shell-model calculations suggest that the isomer has a structure which can be assigned
predominantly as{vhll,g)zé. The results are discussed in terms of standard and pair-truncated shell-model
calculations, and compared to the ev@i=80 isotones ranging frofZisn to'g5Er. A qualitative explanation
of the observed dramatic decrease in B(&2:10"— 8") value for theN=80 isotones at3®Ba is given in
terms of the increasing single-hole energy of lhg, neutron configuration as the proton subshell is filled. The
angular momentum transfer to the binary fragments in the reaction has also been investigated in terms of the
average totaly-ray fold versus the scattering angle of the recaoils.

DOI: 10.1103/PhysRevC.69.024316 PACS nunier21.10.Pc, 21.10.Tg, 27.66}

[. INTRODUCTION states have also been observed in the lighter barium isotopes
Nuclei in the vicinity of the doubly closed-shell nucleus _1§§Ba (8] and 1§g3a [9]. The differing structure of the 10
1355%2 [1] give information on the basic single-particle ISOMeric state with the structure_ of thé 8tate s?ems the
structure and interactions between pairs of nucleons occupy€ason for the sudden decrease in B(&2:10"—8") value
ing the valence states. In particular, the evolution of structurdor Z>56.
in the N=80 isotones can be used to identify the pertinent N the presgnt paper we report on the structure of the
role of the unnatural-paritit;;/, neutron orbital which has a Stable nucleussBag, studied using deep-inelastic reactions
major influence on the makeup of the high-spin states in thi&@nd time-correlated-ray spectroscopy. This completes the
region. Isomerid "=10" states have been reported in all the Systematics of the even-N=80 isotones, with the observa-
evenA N=80 isotones front3%Sn up to'48Er [2-7], with the  tion of the “m|ssm%"(10*) isomer in this nucleus, which has
exception of theZ=56 isotone 13Ba. In the recent paper by @ tentative(vhyy,), . configuration.
Geneveyet al. [3] the significant reduction of th&(E2) During the preparation of this manuscript, we became
between the yrast TGsomeric state and the first &tate in  aware of a parallel study ofBa by Ganet al. [10], the
the Z=58 N=80 isotones[4—7] compared to theiz<54 results of which are consistent with those presented in the
counterpartg2,3] has been discussed in terms of a signifi-current work.
cant component of the neutr@nh,,,,)~? configuration in the
wave function of the 8state in the lighter systems.
The magnetic moment measurements of the yié&st ll. EXPERIMENTAL PROCEDURE
=10" isomers in'3zCe and'giNd [5] are all consistent with Prior to this study the medium-to-high-spin data'sfBa
near-spherical, ~maximally aligned  two-neutron-hole\yere restricted due to thg-stable nature of36Ba, which
(vhyy) ™ configurations. Similarly, two-neutron-hole 10 makes it difficult to populate with heavy-ion induced fusion-
evaporation reactions. The=80 isotone lies between the
lighter barium isotopes which can be readily populated using
*Corresponding author. FAX:44(0)1483-686781. Email ad- this method[11] and heavier, neutron-rich isotopes which
dress: j.valiente-dobon@surrey.ac.uk have been studied as residues from spontaneous fission
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[12-14. To date, the data on the near-yrast state$*Ba
come from work using3 decay[15], (n,y) reactions[16],
Coulomb excitatior{17], and light-ion(°Be) induced fusion

reactiong18]. As a result, prior to this work, the highest spin E
state known was the yrast 8tate identified by Dragulesei S argetlike fragments
al. [18]. o
The current work utilized a thin-target heavy-ion binary
reaction to populate the medium-spin yrast state$*#Ba. 2 @ 4 % 6 70 8
The experiment reported in the current work was performed 6, (deg
at Lawrence Berkeley National Laboratory using an
850 MeV ‘3% e beam provided by the 88 in. cyclotron inci- Beamlike

' . ; Target-lik
dent on a self-supporting 420y cmi 2 298Pt target, isotopi- o

cally enriched t0>92%. The typical beam intensity was
~1 pnA and the cyclotron beam had a natural micropulsing’
period of 178 ns. Reactioy rays were detected using the
GAMMASPHERE v-ray array[19], which in this experi-
ment consisted of 103 Compton-suppressed germanium de
tectors, 70 of which are electrically segmented into two
D-shaped halves to improve the Doppler correction. The
heavy-metal collimators from the bismuth german&&0)
suppression shields were removed thereby allowing a mea-
surement ofy-ray fold to be taken for each evestee latey. FIG. 1. Particle identification plot for the current work. The
The Chico gasfilled parallel plate avalanche chambemeasurement of tha TOF and scattering angles of the recofis
ancillary detector [20] was used in combination with gjlows the two binary partners to be cleanly separated.
GAMMASPHERE to measure the angl¢soth polar and
azimutha) and the time-of-flight differenceATOF) between  ays occurred within 15 ns of the binary fragments being
the detection of both recails, thus allowing an event-by-evenjietected in Chico. This allowed a well-defined time refer-
Doppler shift correction to be made for emittgdays. ence for all delayed rays decaying from isomeric states in
The experimental master trigger condition required twWothe hinary fragments to be used in the subsequent analysis.
Chico elements and at least three germanium detectors ifigyre za) shows the sum of time distributions associated

mutual coincidence. The hardware master-gate timing condiyith the individual GAMMASPHERE detectors and Fig.
tion was set such that the thitednd any subsequergerma-

nium signals in that event could be delayed by up to 670 ns

20

30

7
00
80 0 ATOF (arb. units)

with respect to the detection of the binary reaction fragments Ha)
and the first twoy rays. Approximately 19such events were 107 |
recorded on tape during the course of the four-day experi- "
ment. E10°)
3
3 |
Ill. DATA REDUCTION AND OFF-LINE ANALYSIS 10
The beam-like and target-like fragmertBLFs and TLFs, 10"
respectively were detected using Chico in coincidence with 0 200 200 800 800
the y rays emitted by the reaction product nuclei. THEOF Time (ns)
measured between the detection of the two fragments, to-
gether with the angular information given directly by the 10° [(b)
recoil detector, allowed the separation of the TLFs and BLFs i
(as shown in Fig. L The most intense region for the frag- 107
ment distributions was observed at the grazing arfg, g .
which for this particular reaction occurred at approximately § 10 I
the same laboratory angle of 50° for both the TLFs and 108 |
BLFs. Note that in the current work, there was also an ex- I
perimental detection cutoff fof<20° as a result of a mask 10|
which was introduced to cut the high counting rate in Chico i

800 400 0 400 800
Time difference (ns)

at very forward angles. The reduction in counts in the par-
ticle identification spectrum at 60° occurs as a result of a
support rib in the pressure window of Chico and was used as FIG. 2. Upper spectrung) shows the total time projection of
an internal calibration for the particle angular determination.,-ray events in the current work, note that the time between the

In the off-line analysis a software requirement was de-cyclotron bursts is 178 ns. Lower spectriin) shows the time dif-
fined to include only events where at least three prompt ference between pairs of rays(t,, —t,,).
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2(b) shows the relative time differences betweerays mea- 65 10°F

k@) ° Raw prompt spectrum At=+45ns
E o

sured in coincident events. By setting software gates on these
spectra, specific temporal regions could be defined, corre-
sponding to either prompy rays which were emitted from

the fragments in flight or those decays from isomeric states

in nuclei which were stopped in Chico. 70 10°10) Dopplar corrected for BLE
The recoiling products stopped in Chico, which was 501
~13 cm from the target position, corresponding to fragment 301

349 keV, '*Ba (above 10* isomer)

\

407 keV, 98Pt (2+->0%)

times of flight of=4—-15 ns. Due to the absence of hevimet 10¢
collimators on GAMMASPHERE these stopped binary 20 106[(©)
fragments were in the line of sight for the majority of I
GAMMASPHERE detectors, and thus decays from isomeric
states with lifetimes ranging from nanoseconds to microsec-
onds were observed with an efficiency that was approxi-

Doppler corrected for TLF

[$4)
[=3

e
[=]
—T T

= Counts / 2 keV
w
o

40 108 | Delayed spectrum, At=200->780ns

mately equal to that foy rays emitted at the target position 100l d
[20]. I

The maximum velocities of the binary partners wete !
~11%, as determined from the two-body kinematics of the 200 W
reaction. Therefore, the promptrays emitted in flight were 45 10°% . B
heavily Doppler shifted. However, it was possible to correct o5t 22 10y
the prompty-ray energies for the Doppler effect on an event- i S g O
by-event basis using the interaction position of the recoils as 5 W R . T
measured by Chico. The interaction position determined the 100 300 500 700 900 1100 1300
velocities Bg r and By ¢ of the recoiling beam and target E, (keV)

nuclei, respectively. By conservation of linear momentum

[20] and assuming the limiting case of no particle evapora- FIG. 3. Upper spectrunia) shows prompty rays without any
tion, Doppler correction, spectréy) and(c) show the total projection of

prompt Doppler corrected spectra for BLFs and TLFs, respectively.
Posin(6rrgLF) The lower two panels show delayed spectra for two different time
Mr (1) ranges. Spectrurfd) shows delayed rays emitted within the time

range 200—780 ns, while spectrys showsy rays emitted within
where Pg| £=M136x¢) B rC and Pr g=moepy By C are the  the first 200 ns following the detection of fragments in Chico. The
momenta of the recoiling beam and target nuclei, respecR€aks marked with a *+* symbol arg rays emitted during the
tively: 6 ¢ and 6y, are the laboratory scattering angles deexcitation decay of thel0) isomer in*3%Ba.

of the recoiling beam and target nuclei, respectively, andy, he resulting spectrum, while those with the incorrect
Py is the momentum of the incident beam. Note that sinc&ygppler correction were smeared dsee Fig. 3

it is not possible to determine the mass of the recoils with  Figyre 3a) shows the prompty rays which were mea-
Chico, the momenta of the recoils are calculated assumingyred to be within\t= +45 ns of the master trigger, with no

PeLrTLF=

the beam'*%Xe anq target*%Pt masses. . Doppler correction applied. Figureght3 and 3c) show the
The Doppler-shiftedy rays were corrected according t0 same spectra Doppler corrected for BLFs and TLFs, respec-
[22] tively. Note that the BLF Doppler corrected spectr{ifig.
\frﬁz 3(b)] shows the prompt 349 keV transition which feeds the

— (2)  (10%) isomer in'*%Ba (see latey, while in the TLF Doppler
1-pcos® corrected spectrum the 407 keV transiti@i — 0%) in 1%pt

whereE, is the energy in the rest frame of the nucleus énd [23] can be identified. The low-lying prompt transitions from

is the emission angle relative to the trajectory of the nucleud® %%Xe beam nucleue.g.,E(2"—0")=1313 keVf are not

in the laboratory frame. The ang® was determined using ©bviously evident in Fig. ®) due to the presence of a low-

ES:E

the expression lying I™=6",t1,=3 us isomeric state in this nucleyg4,
which traps most of the prompt feeding.
cos O = sin 6gsin 6,(CoS ¢g COS ., + Sin ¢gsin ¢,) Figures 8d) and 3e) show delayedy rays gated in two
+COS f COS 0, 3) different time regimes. Figure(8) shows vy rays emitted

within the time range 200 ns—780 ns, while Fige)3shows
where 6z and ¢ are the scattering angles of the recoils ¥ rays within the first 200 ns of the detection of the binary
(BLFs and TLF$, and 6, and ¢,, are the detection angles of fragments in Chico. The latter shows transitions associated
the y rays from GAMMASPHERE. with the low-lying states of'**Ba [16] (see latey, the 2

The y-ray energies as measured in the laboratory frame~0" in 1%t (407 keV), and the delayed neutron peaks at
could thus be Doppler corrected for either BLFs or TLFs.596 keV and 691 keV coming from neutron excitations of
Note that in each case only therays emitted by the nuclei "“Ge and’Ge, respectively. The two very intense peaks at
for which the Doppler correction was made were enhanced 10 keV and 197 keV are due to thedecay of the§+ state
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TABLE I. Summary of the different matrices and cubes used in the analysis of the present work.

ID Description Time gat¢At(ng)] Additional conditions
X axis y axis z axis
| v-v delayed matrix 455780 45780
I y-y-time cube t, —t,,=5 ns(see Fig. 2
m Ydelayed Yprompr At CUDE 45— 780 +45 Yprompr 9ated on BLF
\ y-y prompt matrix +45 +45 341, 363, 787, 819, 104ReV)°
\4 Ydelayed Yprompt 45—780 45 Yorompt 9ated on BLF
VI Vdelayed Qscatffold Cubéj 45—780

°At is defined aggelayed tprompt

bDoppler corrected for BLF.

“Delayedy rays in*%Ba.

dﬂscanis the scattering angle of the BLF measured by Chico.

in 1°F, with a half-lifet;,,=89.3 ng[23], which is used in the in Figs. 4 and 5, respectively. The half-lives have been fitted
electrical segmentation process of the HPGe detectors.  with a constant background in addition to the exponential

The full analysis of these data required a number of dif-decay curve. Table Il summarizes these half-life measure-
ferent coincidence matrices and cubes to be sorted. Thesgents. The consistency between the literature values
were subsequently analyzed using theDWARE and ANA  and those of the current work shows the reliability of this
package$25,26. Those of relevance to the present work areanalysis. Note that the isomers  found in
listed in Table I. 131 133 184y 1910s 1905, and %%t have not been reported
in the literature prior to the current work.

The main focus of this paper is the identification of the
internal structure ot3Ba which corresponds to the addition

A wide range of isomeric states with half-lives in the of two protons and the removal of two neutrons from the
nanosecond-to-microsecond range were populated in boﬂSf{Xe projectile. The level scheme deduced from the present
the xenon and platinum regions. Background subtracteavork for $%Ba is shown in Fig. 6 and was obtained by ex-
vy-ray spectra and their measured half-lives for isomers popuamining background subtracted spectra frGman out-of-
lated in the beam-like and the target-like regions are showieam matrix, constructed from delayedy coincidences

IV. EXPERIMENTAL RESULTS

1400}  1%®Te, At=40-500ns ? wmp Rl e 1¥Xe, At=30-300ns o o 107 | 7017 600, 558)) ]
1000} x 1E ol 1 Sw R
» S = S £ N 1
5 3 t,,=337(59né ~ @ 210’ ]
600 10 \ S g Lt 1500
. 8 ¥ [ 400 800 * 0, 200 1
200} ‘: - e '\\-I Time (ns) J l ‘\‘-I’ I L Time (ns) ] 100
600 f 150Te, At=40-500ns e 10’ (840}{183, 331, 794] 1%6Xe, At=%‘00'730n5 . 0’ (3131198, 362] | 900
[ S & & J
400} g g sz % 3 1 %102 Eatanaak ol BN 500
F b I A Gate 1313 keV 3 ]
E 200 K 3 %, 400 800 e 00 800 ] E
o o X ._,."/..‘ Time (ns) Time (ns) ] 100 o
£ 131), At=40-780ns 0’ 13883, At=40-780ns 10’ ] 2
§ 700 : 4 g E - (774)(71;37), 679, , é {1436){192)(463} ] 1800 §
© 5001 N £ S 3 8 g : ] ©
300 N 8 10° 1,=43(1)n i - ‘f\ Gate 1436 keV ~ § 1o | trtzsoesons =[ 11000
[ o 0 400 800 0 200 800 ]
100 | L . N C‘.; | Time (ns) Time (ns) : 200
600F 7%, At=40-780ns g | 1364, 87) 13713, At=40-500ns . Y Feaanm s e {600
[ (213 14 = 1
[ 59 ii!lﬁi& — ~ o S g2 ]
0o g g R g t=042@8ms | 3 400
: 8, | twenteome 3 L ]
2001 2 R Tle 0 80 1200
: gg L Tims (n9) l c\.'; Time (ns) ]
0 Lamoasattonbhoalofubiss b sk, PO 0
200 600 1000 1400 200 600 1000 1400
E, (keV) E, (keV)

FIG. 4. Background subtractegdray spectra for selected isomeric states in BLFs populated8{Xa beam at 850 MeV impinging on
a 198t target. The insets show the fitted half-life curves obtained in this work and the pairs of denalylgjates used to obtain the half-life
curve are given in braces. The isomers identified3h and 133 have not previously been reported.
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E, (keV)
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FIG. 5. Background subtractegray spectra for selected isomeric states in TLFs populatedi§X& beam at 850 MeV impinging on
a1%pt target. The insets show the fitted half-life curves obtained in this work and the pairs of denatylgyates used to obtain the half-life
curve are given in braces. The isomers identified®hv , 19'0s 1%20s, and'®%t have not previously been reported.

(see Table)l for the levels below th€10*) isomer;(ii) an

prompt transitions which feed thél0*) isomei; (iii) a

prompt-delayed matrix which corresponded to pairy odys

in which the first one came as a prompt, in-flight decay,
while the delayed transition was measured between 45 and
780 ns latersee Table)l

in-beam prompt matrix, constructed fromy coincidences
gated on delayed transitions #®Ba and Doppler corrected
for the BLFs(see Table)l [this enabled the identification of

TABLE Il. Measured half-lives of selected isomers observed in
the present work and a comparison with literature values. Previ- (5380, (5398) oy
ously unreported isomers have been identified T, 13, (5065, &
184y, 19105 19205, 198pt. 1164 i
849
- 1215
Isotope | Ex (keV) t1/2(ns) (4216)
Current work  Previous works 510 s 3850)
(3706, 44
1281¢ 10 2791 337159 370+3036]
3357, 10%)
1Bre  (77) 2146 186+11 115+827] =91 ns
1/2 363.0
| 2352 43+1 2994 i
133 2436 780+160 -
13 ; 963.6
132Xe 7; 2214 86+3 90+1q28] 1536 2507 & 1768
e 6 1892 >1000 3000+30Q24] 4 2054 @';—5?7.3 oy F N 203 ! 7
13884 6" 2091 1250+250 800+10[29] t..=03s
137 19- 12
La 5 1870 342+25 360+4030] 12852 -
84y 15 3714 188+38 '
18Re (%1‘) 2124 164+10 120+15%32] 819 =72+
¥los 2640 61+4 -
1920s 4115 190+96 ‘
! "
1%0s  (Z7) 2229 2649 26+ 233] 0 0
%pt (100 2172 23547 250+3034] 13*Bay,
198pt 3019 36+2
1937, 31+ 2486 165+12 150+5035] FIG. 6. Level scheme of*®Ba deduced from the present work

2

®A detailed study of this isomer can be found in Rg1].

with the 91+2 nsl™=(10%) isomer. The widths of the arrows are
proportional to the relative~ray intensities.
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10°
L S y Time difference
2500 | S Sum of 77y gates \ (341,363,787,819,1048,1235)
L 2 ® 10% - (144,328,349,510,849,1164,1215)
1500} o g
L 1 3 / ‘@ E 10° -
(2]
500 L | L .g 102 | S
1800¢ Eo, 363 keV gate 8 1 t,,=91+£2ns
i g - 10" +
1000} b 3
F [+ 1 1 1 1 1 1 1 1
< 3 8 100 300 500 700
(=2 - T
200f :\l, o | | ime (ns)
- 700: - ';g o g 341 keV gate FIG. 8. Time differencey-y spectrum obtained by gating above
g L 3 ® - and below the isomeric I0state to determine the half-life of the
< 500y / / 10* state in13%Ba(91+2 n3.
5 300¢
© 100} ] sociated with such high-multipole decays and the measured
Lot oonb ot = ; i i
r intensity balance across the 2994 keV state. Of the remain-
5o 8 964 keV gate ing spin/parity assignments” @nd 10, the (10") is strongly
/ favored on the basis of both the systematics of the &en-
80 N=80 isotones and the shell-model calculati¢gsse latey.
I A half-life of t,=91+2 ns, see Fig. 8, was obtained for
Y. D P ST . s ) the decay of th€10") state by measuring the time difference
[ . © 819 keV gate between prompt and delayed transitions feeding in and out of
900 | 5l8 5 e the proposed10*) state. Assuming an electric quadrupole
; nature for the 363 keV transition, th&(E2:10"— 8%)
500} < 8 for 1%Ba is calculated to be 0.97+0& fm?*
w0l 3 ‘I‘ Fl =0.0231+£0.0005 W.u. Figure(® shows the delayed transi-
o =0 o5 1750 tions below the isomer, gated on the prompt 144, 328, 349,

E, (keV) and 510 keV transitions it*®Ba (see latey. The energies and
intensities of the delayed transitions observedifBa are
FIG. 7. Background subtracted delaygday spectra from the given in Table IlI.
decay of the 10isomer in13%Ba. The time condition is that the
rays are observed in the time ranfye=100-600 ns with respect to

the master trigger. B. Transitions above the(10%) isomer in *8Ba
Prompt transitions which form a cascade feeding into the

» . 1
A. Transitions below the (10%) isomer in **Ba proposed "=(10") isomer were deduced usingyay prompt

The observation of the 819 ke\2*— 0*) transition in
13%8a in the delayed spectrum shown in Fig. 7 clearly dem-

onstrates the presence of an isomer in this nucleus. Figure 7 [ of @ 2 g’;‘:gii;,fﬁg;{’j‘?;;;"
shows all the transitions up to the previously reportéd 8 8000 - fé ;;” 144, 328, 349, 510 keV
state, together with a transition at 363 keV, which we inter- Lxs @ o
pret to be the direct decay from(&0*) isomer. The excita- 4000 | L?fE < '§ 2 3
tion energy of this isomer is established from the/ coin- 3 B EENERY b 3 &
cidence relationships to be 3357 keV. N 4k ) 1 i
Spins and parities have been established for the levels in £ F (b) 2 gP;?E (t) 7 Jga;gggrgg;s_
136|§a up to thel”=8" state at 2994 ke\[16,18§. T+he | 3 70001 8 |7 341,363, 787, 819, 1048, 1235 keV
=8" [18] state at 2994 keV which decays to tlfe=6" state 50000  So g\
via a y ray of energy 787 keV is clearly observed in the =] <r\a\ ~
present work together with a previously unreported branch 3000 = b4 10
which decays to thé”=7" isomeric state at 2031 keJ16] 1000+ ]
via a 964 keV transition. : : : : : :
The multipolarity of the 363 keV transition could be 200 500 E, (kev)woo 1400

E1,E2, orM1, from intensity balancing across the 2994 keV

state. Assignments of*8and 9 can be ruled out for the FIG. 9. Upper spectrunia) shows the background subtracted
3357 keV level on the basis of nonobservation of direct dedelayedy-ray spectrum gated by prompt transitions above the pro-
cay branches to the*6state at 2207 keV and to the %0-  posed 10 isomer. Lower spectrurth) shows the background sub-
meric state at 2031 keV. Spins of 11 and higher for the stateacted prompty-ray spectrum gated by delayed transitions placed
can be ruled out on the basis of the electron conversion adelow the proposed *0somer.
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TABLE lll. Energies, assignments, and relative out-of-beam in-  TABLE IV. Energies, assignments, and relative in-beam inten-
tensities for transitions observed 1iBa. The uncertainties in the sities for transitions observed f§$Ba above thé10%) isomer. The

transition energies are 0.2 keV. energy resolution for prompy rays is=1%.

E, (keV) E E; I K I, (delayed E, (keV) E; E; I Iy I, (prompy
66.9 2207 2141 1 5 70(4) 130 59824)
86.8 2141 2054 5 47 337) 144 (3850 (3706 33215)
153.6 2207 2054 3] 47 40(6) 208 1098)
176.9 2207 2031 3] 7 67(5) 249 11@6)
273.9 2141 1867 5 4* 69(5) 268 945)
340.8 2207 1867 3] 4* 24210 328 (5393 (5065 1769)
363.0 3357 2994 (10% 8" 566(20) 349 (3706 (3357 (107 566(10)
787.1 2994 2207 8 6" 46020 374 945)
818.6 819 0 2 0* 551(20) 510 (42106 (3706 37210)
963.6 2994 2031 8 e 11211) 849 (5065 (4216 166(8)
1048.0 1867 819 ! 2" 41022 1164 (5380 (4216 12609)
1235.2 2054 819 ! 2" 12612 1215 (5065 (3850 121(9)

1312.0 1%3)

cascade. The crossover branch associated with the 144 and

matrix Doppler corrected for BLFs and single-gated by thel215 keV y rays appears to feed directly into the proposed
yrast delayedy rays observed below the isomeritfBa(see 3706 keV level which is depopulated by the 349 keV transi-
Table |). Figure 3b) shows the prompt transition above the tion. The ordering of the 144 keV and 1215 keV transitions
isomer, gated on the delayed 341, 363, 787, 819, 1048, arid established in the current work on the basis of measured
1235 keV transitions if3®Ba. Figure 10 shows a selection of y-ray intensity.
coincidence spectra foy rays above the isomer. The ener- The ordering of the structure built on top of tti&0")
gies and intensities of the prompt transitions observed abovisomeric state as presented in the current work is tentative.
the isomer are given in Table IV. Specifically, the intense transition at 130 keV is in mutual

The prompty-vy coincidence spectra for states above thecoincidence with the cascade of 349, 510, 849, and 328 keV
(10%) isomer show evidence for a cascade involving the 349(see Fig. 1§ although it does not appear to be in coinci-
510, 849, and 328 keV transitions which are mutually coin-dence with the 1164 keV transition which is assumed to feed
cident. The ordering of these transitions above the isomer igto the proposed level at 4216 keV. This situation suggests
based on the intensity measurements and the identification tfiat the 130 keV transition lies above the 849 and 1215 keV
a side-feeding transition with an energy of 1164 keV whichtransitions, but the large, measurgeray intensity for the
is in prompt coincidence with the 349 and 510 keV transi-130 keV line(see Table 1Y presents a potential problem. If
tions and appears to bypass the higher-lying members of thigis placed above the proposed 5065 keV level, not all of the
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FIG. 10. Background subtracted promptay spectra single-gated by the delayed 341, 363, 787, 819, 1048, and 1235 keV transitions
placed below thé10%) isomer in13%Ba. The time condition is that the promptrays are observed withiit= +45 ns of the master trigger.
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decay flux can be accounted for in the present work and ¢ s

other nonobserved decay branches for the decay flux must b _B
present. We note that the 130 keV transition is in coincidence |—
with the unplaced lines at 208, 249, 264, and 130 keV, which
may account for some of this missing intensity. While the —
quality of the spectra used for the prompty coincidences |
above thg10%) isomer can demonstrate a number of mutual =

coincidencegsee Fig. 1§ they are not of sufficient statisti- = [— __

cal significance to preclude a different ordering of the lines™ ] _5

above the(10") isomer. One alternative could be that the | =it —Z |

130 keV line lies lower in the cascade, i.e., either directly —,

feeding into the isomeric state or into the proposed level at

5393 keV. —= —= —=

- expt. | SM - PTSM |

ol

V. DISCUSSION

FIG. 11. Comparison of the experimental energy spe@eft
pane) with the results of the shell-model calculatigmiddle panel
and the pair-truncated shell-model calculatiamnight pane) for

The nucleus'3Ba has six valence protons outside the
closed shelz=50 and two-neutron holes with respect to the

closed shelN=82. It was pointed out in 1973 by Meyer- 13684 (see text for details Note that in the middle and right panels

Lévy and Lo.pac[?’?] tha.t many of th(.a low-lying pfoF’e”'eS the states are separated into columns for the yrast states ug,to 10
of the N=80 isotones might be explained by the simple cou-

. ; the positive-parity states and the negative-parity states.
pling of the two-neutron holes to a quadrupole vibrator core.
The authors of Ref[37] also noted that the spectral pattern (QP) interaction, a quadrupole-quadrupdl@Q) interac-
of the N=80 isotones from'3sTe up to'gNd were rather tion, a (HP) hexadecapole-pairing, and aHH)
similar with the presence of a two-phonon quadrupole vibrahexadecapole-hexadecapole interaction. The strengths of
tional triplet established fot*®Ba and its neighbort®Ce. these interactions are determined so as to reproduce the
This work ignored any effects from the proton particles andcorresponding experimental energies of the singly closed-
allowed couplings of neutron-hole states from theshell nuclei'3Bag, and 130Sn. A quadrupole-quadrupole
d30,S1/2,N11/2,d5/5, @nd g;» orbitals to a vibrational core. interaction is the only term ik, , the strength of which is
While this approach gave a reasonable prediction for the eradjusted to reproduce the excitation energy of th&io-
ergies of the low-lying negative-parity states and the fifst 2 mer. A detailed description of these interactions can be
and 4 levels, it predicted that the yrast @nd 8 states lay found in Ref.[38]. The determined strengths of the inter-
above the yrast IOevel. This clearly pointed to the need to actions, in MeV, are Gg,=0.145G,,=0.016Kk,
include both proton and neutron degrees of freedom in the=0.035G,,=0.700k,,=1.600 G;,=0.180G,,=0.010k,
calculations for such apparently simple, two-neutron-hole=0.055G,,,=0.600k,,=0.300, andk,,=-0.165. Thedefi-
systems. nitions of the HP and HH interactions are extensions of
the QP and the QQ interactions from angular momentum
coupling two to four, but no radial dependence is as-
sumed. These hexadecapole interactions are necessary for
In order to understand the structure fBa, a shell- g petter fit, since the number of valence protons and neu-
model approach such as the one described in B&l.has  trons is small in'3Ba and quadrupole collectivity is still
been carried out in the present work. To truncate the mOdqiot dominant Compared to other interactions. In the cen-
space, the proton single-particle orbitals involved in the caltral panel of Fig. 11 the results of the shell-model calcu-
culations are restricted to the three orbitaty,8 1ds;,, and  |ations are shown compared with the experimental decay
Ohyy/,, Which have initial single-particle energies of 0.0, scheme for'38Ba as deduced in the current work. The
0963, and 2.760 MeV, respectively. The neutron Single-h0|%0mparison for the even_spin yrast sequence up to the
orbitals include all of the five orbitals between tRe 50 and proposed(l@) isomer is rather impressive, with the cal-
82 shell, i.e., the dgp,0Ny1/2, 2815, 1dsp2, and @z, Which  cyjations reproducing the ordering of these levels.
have single-hole energies of 0.0, 0.242, 0.332, 1.655, and Tq study the basic structure of the levels!#iBa and to
2.434 MeV, respectively. Those single-hole energies are eXzeep the basis to a reasonable truncation, the pair-truncated

A. Shell-model and pair-truncated shell-model calculations

tracted from experiment. S shell-model(PTSM) approach, which is described in Ref.
The effective shell-model Hamiltonian is written as [39], has also been used. This approach is very similar to the
H=H +H_+H (4) interacting boson model in concept, but the bosons are now

replaced by correlated nucleon pairs to treat Pauli effects
whereH,, H,, andH, . represent the neutron-neutron inter- explicitly. In addition to theS:J=0 pairs, the truncated va-
action, the proton-proton interaction, and the neutron-prototience space only allows pair excitations of the following
interaction, respectively. The interaction among like nucletype,D:J=2,G:J=4 andH. Note that the calculation is lim-
onsH, (7=v or ) consists of spherical single-particle ener-ited to a singleH pair that can only be formed by the cou-
gies, a monopole-pairing interaction, a quadrupole-pairingling of two hy,,, proton particles or neutron holes to angular
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T ) T ) TABLE V. The expectation numbers &, G, andH pairs cal-

4 I
2l i - :
- g: F;;Z:: ] culated in the PTSM for the yrast &tate and the second 8tate.

Jm D, G, H, D, G, H.,

8; 0.4577 0.0431 0.0938 1.0948 15163 0.0331
8 0.0012 0.0068 0.9911 0.2213 0.0272 0.0043

ventional relatiore,=-de ande,=1+d8e as described in Ref.
[40]. Note that the effective charge for the neutron is nega-
tive since neutrons are treated as holes in this schemedThe
value is determined to give the experimenB(E2:2;
—0p) value. The adopted effective charges aje-0.82
ande,=+1.82. The calculations predict a value for the de-
cay from this isomer oB(E2:10] — 8])=0.04€? fm* com-
pared to the experimentally deduced result of (@9 fm?.
Table VI lists the calculated and experimenB4E2) values
for the yrast sequence #i®Ba. Note that the theoretical stag-
gering of B(E2) values is caused by the alternation of the
number of protorD pairs andG pairs and the neutrod pair.
The shell-model calculations also predict the observed
low-lying negative-parity states with spin/parity and 7,
and intriguingly also predict an~8state at a similar energy.
FIG. 12. The upper panel shows the expectation numbers of N€re is no evidence for the” $iegative-parity yrast trap in
neutronD, and G, pairs, the middle panel shows the expectationthe current data. Such a state might however be very long
numbers of protorD,, and G,, pairs calculated in the PTSM. The lived, particularly if it lies below the well-knownt,;,
lower panel shows the expectation numbers of neutron and protor 0.3 sI”=7" isomer[23]. There is no evidence in the cur-
H,, ., pairs calculated in the PTSM. The expectation numbers are forent work for the population of the second 3tate at
the positive yrast states. 1551 keV corresponding to the=2 phonon vibratior23].

With regard to the comparison between the calculations
momentumJ=0,2,4,6,8,10. Ircontrast, the other pairs in and the data for the states above (h&") isomer, it is note-
this model space are collective and can be made from lineagorthy that the yrast states which are predicted to lie above
combinations of other angular momentum couplings betweethe isomer all have negative parity and thus must be com-
pairs of nucleons in different single-particle orbitals. All prised partly from ah,,,, component in their wave function.
these pairs have positive parity so that only positive parityindeed the calculations do not predict a positive-parity state
states are predicted. In the right panel of Fig. 11 the results aff spin 11 or higher until=1.5 MeV above the isomeric
the PTSM are shown in comparison with the shell-model and10*) state. However, the calculations predict a Kate
experimental results. which lies a few hundred keV above tti&0") isomer and

Figure 12 shows the expectation number of pairs for theyoth 11 and 12 states a few hundred keV above that.
yrast positive-parity sequence #i°8Ba from the PTSM cal-

culations. From the upper two panels in Fig. 12, one can see
that the predicted wave functions of the positive-parity yrast B. Comparison with N=80 isotones
states up to spin*8are mostly dominated by protdn andG All the evenZ N=80 isotonegsee Fig. 13from 1285n to

pair couplings. On the contrary, as shown in the lowest panellzusEr exhibit 10 isomeric states2—71. In 295n 121, 22Te
of Fig. 12, the yrast 10state is dominated by a neutr¢h 8 271 In “5p5n [2], 52

. . . -

pair, corresponding to the maximally coupledh,,,)~= con- ) ,

figuration. The dramatic alteration in the number and char- \BLE VI. Comparison of the yrasB(E2) values in the shel
. . + model(SM) with the measured values & fm*. The experimental

acter of pairs between the Lsomeric state and the' &tate

) . . . . data values have been taken from Rd#l,42 and the present

is responsible for the isomeric nature of the" Klate and

Expection number of pairs

also for the large reduction @(E2) transition ratesee be- work
low). The shell-model calculatiorisee Fig. 11 predict that a 3T SM Expt.
second § state lies just below the yragt0") isomer. This is P
predominantly the nonmaximally <:oup|téu|111,2)g+2 configu- 2] —0; 802 8016)
ration. As shown in Table V the wave function of the second 47 —27 1093
8, state is dominated by a, pair meanwhile the yrast;8 6] —4; 251 38.69)
state is dominated bR ,. and G, pairs. 8/ —6; 932

Using the resultant shell-model wave functions, we can (100) -8} 0.04 0.972)

predict B(E2) values using effective charges with the con-
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[3], Xe [3], 3&Ce [4], and 1gNd [5] this 10" isomer less favorable. FOEZ>54, however, an angular momentum
has been associated witr(ﬂnll,z)lé configuration. In'38Ce  of 8 and above can also be generated solely in the proton
and 14O0Nd [5] the magnetic dipole moment measurementssPace. The development of an increasing proton component
yielding values ofy=-0.17610) andg=-0.19212), respec- in the yrast 8 state would then e>_<p|ain the observed de-
tively, suggest that the configurations for these twé &0-  Crease in thd(E2) from the predominantly two-neutron 10

mers are consistent with theh,,,);2 configuration being State. _ _ o
the major component. IH2Sm andlgl4 d[6], two 10 states The smoothly increasing excitation energy of the -
have been observed with the lower-lying one being isomeric'€"C state[and by inference théVhll’Z). conf|gurat|0|j|_
This has been interpretel] as competing(vh, ;)2 and appears as a standard feature of 80 isotones from tin

(why1/0)? configurations. IfgaSm, the(lower-lying) isomeric ;%zsvr:iﬁiméggt';?oann Z(ra]eurnde[)sftcicr)](; f:gwezltg_xl'aﬂ’%\ihﬁ h
10" state is mainly two-neutron holes in thgq, shell, gy ying=>

; 4 ) . : single-hole state in the od&l-N=81 isotones. The single-
meanwhile foHGZ‘Gd the isomeric 10state is proposed to be hole excitation energy of thie,,,» neutron orbital is observed

mainly a two-proton configuration. For the heavier isotonesy jncrease with proton number. This increase in single-hole
66Dy [7,43 and'ggEr [7,44]', the 10 ISomeric states are both energy is responsible for an increase of more than 1 MeV in
thought to have predominantlymhy;,),. configurations,  the excitation energy of the yrast*16tate betweef£Sn and
since according to the systematics thé, ;)" states are l(f_igl\ld [see Fig. 1f)]. This increased excitation energy
expected to be around 3.7 MeV and have not been reporteieans that the seniority four configurations which include
in these nuclei to datgr]. the proton configurations can begin to compete energetically

Figure 14c) shows the systematics of thB(E2:10"  with the seniority two(vhll,g)gf configuration in theN=80
—8") for the evenZ N=80 isotones from-3°Sn to 14Sm. isotones at the barium isotone and for heavier elements. This
There is an obvious retardation in the decay from the isoresults in a reduction of theh;;,) > component in the wave
meric 10 state for!3®Ba, 138Ce [4], and42Sm[6] compared function of the yrast 8states, which in turn gives rise to the
to the lighter isotones. Lac#t al. [6] suggest that such large dramatic reduction ifB(E2:10"— 8") value at'**Ba.

hmdrantceds requ!re_ta fhlgh co?flgur:['s_ltlonf fotrr?ldd?r;g:{s and V1. DETERMINATION OF ANGULAR MOMENTUM
;;nuglg%gsrne a seniority four configuration for the yrassigite TRANSFER VIA THE STUDY OF -RAY FOLD

The éudden decrease in tH&E2:10"—8") value at The knowledge of entry spin distributions and the related
13683 as compared to the light&f=80 isotones can be un- angular momentum population in deep-inelastic reactions
derstood qualitatively in terms of the likely components off1as a significant bearing on the potential for using such
the wave functions of the yra¢t0%) and § states. As dis- mechanisms in the study of high-spin states in neutron-rich
cussed above, frorg-factor measurements and énergy Sys_nuclei. While some effort was made in this area in the 1970s
tematics. the ’nature of the yrast isomeric’ Hate is pre- (e.g., Ref.[45]), there have been only limited recent studies

. - . ! which utilize the power of large-scakgray arrays for chan-
dominantly of (vhy;/)™* character in all the eveA-N=80 nel selection in attacking this problefa.g., Ref[46]). In its

isotones betweert*’Sn and 1425”_‘- For_lsos”' the closed-  f|| complement GAMMASPHERE has a total of 110 HPGe
shell nature of thez=50 core gives rise to a “textbook” getectors all of which are Compton suppressed, i.e., each is
two-hole singlej shell multiplet, implying that the yrast'8  syrrounded by a hig#, high density oxide BGO shielding.
state has dvhyy,)7 character. By a similar argument, the This shielding improves the peak-to-total ratio by reducing
valence two-proton systef§aTe can have only seniority two the Compton background, but at the same time it can also be
couplings in thez> 50 valence space used. Neglecting exci-used to measure thgray fold for each event.

tations into the protorh,,, orbitals (which is reasonable The total foldF,,; measured in each event was the result
since these orbitals are at the top of the ghibk two valence of adding the following contributionésee Fig. 1%

protons alone could only generate a maximum angular mo- F o —F. . +F +E 5)
mentum of & from (7g;,,)?. Hence states of spir&r more tot™ T BGO T T HPGe T T CS
must have seniority four, or incorporate the neutron pair withwhereFgg is the number of counts detected per event in all
J>0, since breaking th&=50 core would be energetically the BGO shieldingsFypge is the number ofy rays, not
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i) 10: Proton number show the different contributions. Note that the total fdly,)
ol shown in the upper panel is not the direct sum of the three lower

0 53 88 o2 65 panels but the additon of the three contributions
Proton number (Feco:Frpce Fco event by evengsee text

FIG. 14. Upper panela) shows the energies of th@:%l‘ average fold around the grazing an¢t50°). Note that this
single-hole states for thd=81 isotones, taken from RgR3]. Pan-  reduction in average fold is more prominent in the case of
els(b) and(c) show the excitation energy of the=10" isomer and  the beam!3%Xe than for'3®Ba or 3Ba and it is essentially
the B(E2: 10" — 8*) transitions rates for thei=80 isotones, respec- Nnonexistent in the case of tHé>Sb. A second feature is the
tively, taken from Refs[3,4,§. roughly constant average fold over the angular ragge

=65°-859, where the average fold is the highest. At more

Compton suppressed, which were detected in all the germd@rward angleg §=21°—39) the statistics are Iower,lsbut the
nium detectors, anBcgare they rays that have been Comp- averggscse fold is roughly constant in the case'8Ba,*Ba,
ton suppressed, i.ey,rays that Compton scattered out of the @1d “~Sb, unlike in***Xe where the fold at forward angle

germanium and were detected in the HPGe detector in Coirﬁecreases due to the influence of the lower multiplicity Cou-
cidence with its BGO shielding omb scattering channel. The reason why the statistics are

lower at smaller angles is related to the low energy of the
recoils scattered at those angles, lowering the efficiency of
Average fold versus recoil scattering angle Chico in this angular range.
. : : . . . The y-ray fold for an event gives a measure of the degree

. Using semlclagsmal expressions, given in R@f7], an ¢ inelasticity of the binary interaction. The greater the over-
incident beam of *Xe at 850 MeV gives an initial angular lap and degree of transfer between the two fragments, the
momentuml p,,~ 300%. From the semiclassical sticking and more angular momentum is transferred into the internal spins
rolling approximationg45,48,49 one can obtain an estimate of the fragment§45]. The transfer of angular momentum in
of the angular momentum input to the fragments in a givemeavy-ion collisions such as those described in this paper can
binary reaction. In the sticking lim{@5] the predicted angu- be studied in terms of the average fold versus the measured
lar momentum input to the fragments for the current work isscattering angle of the recoils.
JgLg= 30 and Jy =~ 60f, while for the rolling mode limit, At the grazing angle the target and beam nuclei are ex-
JeLr=17h andJr = 45h. These numbers give an indication pected to have a highly peripheral contact and thus quasielas-
of the spin states that might be expected to be populated itic events would be expected to dominate. Since such quasi-
this reaction and can be compared with the average foldslastic reactions are expected to have a relatively small
measured in the current work. To first order this should beransfer of angular momentum from the initial angular mo-
related to the average number pfrays emitted by the sum mentum into internal sping50] the average multiplicity is
of the binary partners in a given event. expected to decrease in the vicinity of the grazing angle. This

A Yyelayed fscair fOld cube(see Table) was used to obtain  regime could be explained with the rolling mode. The trans-
the angular distribution of the average fold in the laboratoryfer of angular momentum increases continuously with the
frame. Figure 16 shows such distributions gated on delayedegree of inelasticity48], when the nuclei touch each other
y rays in13%Xe,3%8Ba,138a, and'?>Sh. Figure 16 has some more solidly; if the contact time is long enougie., deep-
general features. One of the most prominent is the dip irinelastic collisiony the sticking limit ought to be reached.
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The typical deduced-ray fold values of the order of 25 assigned configuration is the two-neutron—h(oJ:lall,z)IS+ ar-
correspond to theaveragefold per event, however, it is rangement, in good agreement with the shell-model and pair-
worth noting that the fold distribution extends up to consid-truncated shell-model predictions and the systematics of the
erably higher values of 35 and greater, see Fig. 16. WhiléN=80 isotones. The increase in excitation energy of the 10
some of this apparent increase simply reflects the responssomers and the decrease in tBé€E2) values along theN
function of the GAMMASPHERE array, it is clear that sig- =80 isotones can be understood qualitatively in terms of the
nificantly higher folds are populated in this mechanism,single-particle excitation energy of thg,,, neutron orbital.
which bodes well for future high-spin studies using heavy-The identification of thif10") isomeric state completes the
ion binary collisions. systematics for théN=80 isotones from th&=50 closed-

shell 133sn to past the proton midshell #5Er. Prompt de-

caying states above the isomer have also been identified. The
VIl. SUMMARY AND CONCLUSIONS half-lives of a number of isomers populated in th_e react_ion

have been reported for the first time in

In summary, evidence for al=(10") isomer has been 13} 133 184y 1910g 19255 andl%pt,
reported for the first time iA*®Ba at an excitation energy of The momentum transfer in this reaction has been investi-
3357 keV. It was produced in a binary reaction between ajated in terms of the average fold versus the scattering angle
136Xe beam at 850 MeV impinging on a thif®Pt target. The  of the recoils. It is crucial to study the average fold distribu-
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