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With the use of mass-separated sources, the f3-decay properties of "'Yb and "'Tm were investi-

gated. The h„/„s, /2, d, /„1,/„and g„, single-proton states in "'Tm and the f7/2 It9/g 'p, /„
i l3/2 and probably the pl~2 single-neutron states in "'Er were identified. Systematics of neutron
states in even-Z %=83 isotones are compared with predictions of spherical Hartree-Fock-
Bogoliubov calculations.

I. INTRODUCTION

We recently reported' on the P decay of ' 'Er and the
isomeric decay of ' Er to low-lying levels in ' Ho and

Er, respectively. This allowed us to extend the sys-
ternatics of single-proton states in N=82 odd-Z nuclei to
Z=67 and of single-neutron states in N=81 even-Z nu-
clei to Z=68. Spherical Hartree-Fock-Bogoliubov (HFB)
calculations were made' and compared with these experi-
mental systematics. It was found that the theoretical
trends for the proton levels agreed with experiment while
those for the neutron-hole levels did not. In particular,
the calculations did not account for the constant excita-
tion energy of the h»&2 neutron level in N=81 nuclei
with Z «58.

The present paper describes a study of ' 'Yb decay
(designed to supplement our ' Er results), and of the P
decays of the high- and low-spin ' 'Tm isomers to levels
in the N=83 nucleus ' 'Er. Experimental systematics for
neutron states in even-Z N= 83 isotones are brought up
to date. They are then compared with predictions from
HFB calculations.

Isotopes with 3=151 were produced by bombarding a
1.5-mg/cm -thick N2 gas-cooled target of ruthenium, en-
riched in Ru to 96 5%%uo and deposited onto a 2 0-
mg/cm -thick HAVAR foil, with Ni ions from the
Lawrence Berkeley Laboratory Super HILAC. After
traversing the N2 gas-cooled target-cell window and the
HAVAR backing the 360-MeV- Ni beam had a calculat-
ed energy of 250 MeV at the center of the target.

Reaction products with A =151 were mass separated
with the OASIS separator on-line at the SuperHILAC
and transported ion optically to a shielded area. There

they were implanted in a 50-pm-thick Mylar tape for a
period of 4 s and then transported to a counting station
for assay with a Si particle telescope, a thin plastic scintil-
lator, a planar hyperpure Ge detector, and two n-type Ge
detectors with relative efficiencies of 24% and 52%.
With this detector arrangement (a schematic drawing of
the setup can be seen in Fig. l of Ref. 4) coincidences be-
tween particles, photons, and positrons were recorded in
an event-by-event mode. Events in all detectors were
tagged with a time signal from a quartz controlled clock
for half-life determinations. Singles y-ray data were also
taken with the 24% y-ray detector in a multispectrum
mode for additional half-life information. A new source
of A =151 isotopes was provided by the computer con-
trolled tape system at the conclusion of each 4-s counting
cycle.

II. RESULTS

A. General

The incident energy was selected to optimize the pro-
duction of ''Yb and ' 'Tm; their cross sections at 250
MeV are predicted to be 8 and 60 mb, respectively.
Mass = 151 nuclides with Z & 70, due to a reduced proba-
bility for neutron evaporation, have very small yields;
e.g. , the cross section calculated for ' 'Lu is 50pb. On
the other hand, nuclides with Z(69 could be produced
only in reactions involving ruthenium isotopes with
3 ~98 (less than 3.5% of the target material). Thus,
' 'Er and ' 'Ho seen in our experiment resulted mainly
from ' 'Tm decay.

Figures 1 and 2 show portions of the singles y-ray
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FIG. 1. Portion (100—1350 keV) of the singles A = 151 y-ray spectrum measured during 4-s counting intervals following "Ni bom-
bardrnents of ' Ru. Only selected y rays are labeled by energy and element.
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FIG. 2. Portion (1250-2500 keV) of the singles A = 151 y-ray spectrum measured during 4-s counting intervals following ' Ni bom-
bardments of Ru. Only selected y rays are labeled by energy and element.
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spectra accumulated during the 4-s counting intervals.
For clarity only strong y-ray peaks are labeled by energy
and element. Assignments are based on coincidences
with K x rays and other y rays, and on half-life measure-
ments. As expected from the predicted cross sections,
' 'Tm y rays are much more intense than those of ' 'Yb.
Also, in accord with the cross-section calculations, there
was no evidence in our particle, x-ray, and y-ray spectra
for the presence of isotopes with Z) 70; however, yields
for these short-lived (the "'Lu T]/2 is 90 ms) isotopes
would also be suppressed in our experiment because of
the 4-s tape cycle, the 160-ms tape transport time, and
the holdup in the separator ion source.

A large number of transitions were found to follow the

P decay of 23-s ' 'Er which was first identified from an
observed growth period in the decay curve of the ' 'Ho
low-spin a-particle group. Subsequently, two y-ray tran-
sitions that follow ' 'Er decay were reported and, more
recently, a partial decay scheme has been presented. %e
concentrate in this work on single-proton states in N= 82
and single-neutron states in N=83 nuclei, and no attempt
was made to complete the ' 'Er decay scheme.

B. Single-proton states in '6&'Im&&

The isotope ' 'Yb was first identified ' by its P-
delayed proton emission. In Ref. 10 it was established
that, as is the case for other even-Z N=81 isotones, '

there is in ' 'Yb an s, &2 ground state and an h» &2 isomer.
Within error limits the two levels were determined to
have the same 1.6-s half life. ' Kleinheinz et al. ,

" who
investigated y rays following ' 'Yb P decay, reported
half-lives that agreed with the values of Ref. 10 and
observed three trapsitions in cascade with each other.
They proposed" that the y rays deexcited the

g 7 /2 d 5 //2 d 3 /2 s
1 /2 single-proton levels in ' 'Tm.

%e also observed these three y rays, i.e., 108.5, 474.2,
and 520.8 keV. They are seen in Fig. l and in Fig. 3(a)
where we show the spectrum in coincidence with Tm
Ka, x rays. The fact that they are in cascade is illustrat-
ed in Fig. 4 where the 474.2- and 520.8-keV transitions
are seen to be in coincidence with the 108.5-keV y ray.
In addition, we assign two new y rays, 568.8 and 1074.0
keV, to the decay of ' 'Yb. Table I summarizes energies
and relative intensities for ' 'Yb y-ray transitions and
compares their intensities with the values reported by
Kleinheinz et al. "

According to the shell model, the ' 'Yb ground state
has three proton pairs coupled to 0+ in the h»&2 shell

above the Z=64 closure and one neutron in the s&&2 shell

just below N=82; the h»/2 and d3/2 neutron orbitals are
filled. A large part of the beta-decay-strength is expected
to go to the (rrs]/2) state following the ns]/2~v. s]/2
transition, and to higher energy levels with (n.h»/2,
vh9/2 vs]/2) configurations following the trh»/2 vh9/p
transition from one of the paired protons in the h»&2
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FIG. 3. Gamma rays observed in coincidence with Tm Ka, [part (a)] and with (Er Ka, +Tm Kaz) [part (b)] x rays for /1 =151 nu-

clides.



41 SINGLE-PARTICLE STATES IN "'Tm AND "'Er 1129

COINCIDENCES
WITH 109-keV GAMMA

200 K X-RAYS

150—

100—

50—

10

474

CHANNEI

(Er)
521.~~p .~ tJ

160 210 260 310 360 410 460

FIG. 4. Gamma rays observed in coincidence with the 108.5-keV transition that follows "'Yb decay.

state. Other high-lying levels could receive some direct
feeding through the nd5/z vf5. /z, vf 7/z vp3/z,
rrg7/z~vf s/z vf7/2 vh9/2 or rrh t)/z vl )3/z first-
forbidden transitions.

The ' 'Yb isomeric state, based on systematics of orbit-
als in %=81 isotones, has one hole in the h»/z neutron
orbital awhile the d3/7 and s, /2 orbitals are full. The
mh»/z~vh»/z transition leading to the h„/z ground
state of ' 'Tm is expected in addition to the P transitions
mentioned above (which now populate high-energy states
with similar configurations but where the (vh»/z ) orbital
has replaced the vs, /z state).

We did observe weak y rays possibly in coincidence
with the Tm Ka x rays that could probably be attributed
to the above expected transitions. However, because of

the low production yield for ' 'Yb, their half-lives could
not be determined for definite assignments, and for that
reason they are not included in Table I. Deexcitation of
high-energy levels in ' 'Tm by y-ray transitions was
therefore not unraveled in this work. Instead, we show a
partial decay scheme for ' 'Yb in Fig. 5 where the P-
decay energy of 7.8 MeV is estimated from Q-value sys-
tematics given by Wapstra and Audi. ' The deexcitation
of low-spin ( —,', —,') levels at 3.8—5.0 MeV and high-spin ( —',,
—", , —", ) levels at 5.0—9.0-MeV excitation energies in ' 'Tm

by proton emission has been discussed in our earlier
work. '

The lowest available five levels in odd-Z N=82 iso-
tones ' are the g7/2, d5/2, d3/2 s]/p and h»/2 proton1, 11

orbitals. Because the three cascading y rays assigned to

TABLE I. Transitions observed in ' 'Yb P decay.

E~ (keV}
(This work)

108.5(2)
474.2(4)
520.8(3)
568.1(5)

1074.0(6)

'M 1 multipolarity assumed.
Not placed in level scheme.

I~ {relative)
(Ref. 11)

100
192(17)
164(16}

Iy

100(5)
208(32)
156(16)
142(29}
380(38)

Relative intensities (this work)

Iy +I„
351(18)'
217(33)'
162(16)'

380(38)
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FIG. 5. Partial decay scheme for '"Yb. The excitation ener-

gy of the s, ~2 state in "'Trn (labeled x) is estimated to be =50
keV (see text).

' 'Yb p decay are in prompt coincidence they must con-
nect the first four states. Their placement in Fig. 5 is
based on their intensities as summarized in Table I. Since
crossover transitions were not observed and the deexcited
levels have short half-lives the spin sequence is consistent
with the monotonic sequence, i.e., g7/2~ds/z~d3/p
~s, &2, as deduced in Ref. 11. The g7/2 and d, &2 states
are expected to be populated by y rays from excited
states in ' 'Tm, not by direct beta transitions. Population
of the d3/2 and s, /z states, on the other hand, should be
through direct beta feeding (see Ref. 10 for our p-
strength calculations for the s, &2

' 'Yb ground-state de-
cay), as well as by cascading y rays from excited states in
"'Tm

In addition, we place the strong 1074.0-keV y ray
deexciting a level at 1074.0 keV. We propose that this
state may be populated from the (vh, , /z ) isomeric state
in ' 'Yb. No strong y rays, other than Tm E x rays, were
discerned in coincidence with the 1074.0-keV y ray. We
measured a half-life of 1.6+0.1 s for the 1074.0-keV y
ray, the decay curve of this y ray must represent a true
measurement of the isomer's half-life in contrast to the
decay curves of the Tm I( a x rays and of the three cas-
cading y rays shown in Fig. 5, since these data curves are
expected to include contributions from the s»2 ground
state. However, there was no indication of a second com-
ponent in their decay curves. Therefore, as in Ref. 10, we
conclude that both the —,

' ground and the —", isomeric
states have, within uncertainties, the same half-life, i.e.,
1.6+0.1 s.

Notice in Fig. 5 that the h»&2 proton level is indicated
as the ' 'Tm ground state. This placement is based on

the fact that while the s, &2 level is the ground state in
Tb (Ref. 13), ' Tb (Ref. 14), and ' 'Tb (Ref. 15), the

h»/2 level is the ground state in ' Ho (Ref. 16), ' 'Ho
(Ref. 13), ' Ho (Ref. 17), '" Tm (Ref. 18), and ' Tm
(Ref. 19). The indication frotn these energy systematics is
that the s&&z orbital becomes a hole state at Z=67. Since
the s»z level is at -67 keV in ' Trn and at -43 keV in

Tm, we estimate that its excitation energy in ' 'Tm is
-50 keV.

As in Ref. 1 we compare (Fig. 6) experimental energy
systematics for the five single-proton states in N=82 iso-
tones with the results of spherical HFB calculations.
Once again, hole states are plotted as having negative en-
ergies. In addition to the new ' 'Tm results we have also
updated the level information for ' Tb and ' Ho by us-

ing the data reported in Refs. 13 and 16, respectively.
One notes in Fig. 6(a) the relatively smooth behavior of
the proton orbitals from ' Sb to ' 'Tm. We therefore
conclude as we did in Ref. 1, that these systematics indi-
cate a modest gap at the Z=64 subclosure rather than a
pronounced one as had been proposed by Nagai et al.
on the basis of their analysis of the same N=82 isotones.
The calculated level energies, shown in Fig. 6(b), repro-
duce the experimental trends. In particular, the calcula-
tions for ' 'Tm predict that the s, zz orbital is a hole state
while the h»&2 orbital represents the ground state. How-
ever, as pointed out in Ref. 1, the calculated excitation
energies are too large, probably because the efFective in-
teraction is too strong.

We conclude this section by noting that direct evidence
for ' 'Yb Via the M4~M1, h „/2 ~d 3/p ~$ j/p cascade
was not observed. The nonobservation of these two y
rays is consistent with both our low production for ' 'Yb
and our estimate of 4X10 for the isomeric decay
branch. We estimated this branch based on systematics'
of Weisskopf enhancements for the M4 transitions (1.8) in
other even-Z N=81 isotones and on our measured 1.6-s
half-life.

C. Levels in '68Er8& from the decay of '69Tms~

At the time that the present investigation was begun,
only one transition, 801.6 keV, had been reported ' to fol-
low ' 'Tm decay with a half-life of 3.8+0.8 s. During the
preparation of this manuscript (our preliminary results
were discussed in Ref. 22) work done by Barden et al. ,

'
has appeared in print. They present a partial scheme
with ten y-ray transitions for the decay of ' 'Tm which is
in agreement with the more complete one that we have
constructed. We do, however, disagree on some of the
spin assignments.

We assigned a total of 86 y rays to the decays of the
h

& ~ y2 ground and the s, &2 isomeric ' 'Tm states; energies
and photon intensities for these transitions are listed in
Tables II and III, respectively. Many of the y rays can
be seen in the singles spectra (Figs. 1 and 2) and in Fig.
3(b) where spectrum in coincidence primarily with Er
Ea& x rays is shown. Based on the decay curves of
several strong y rays we deduce a half-life of 4.3+0.2 s
for the —", ' 'Tm ground state. This agrees with previ-

ously published values. ' ' From the decay curve mea-
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sured for the 984.1-keV transition (see Table III) we
determine a half-life of 8+2 s for the s»z ' 'Tm isomer;
Harden et al. report a half-life of 5.2+2.0 s.

Our proposed decay schemes (see Figs. 7 and 8) are
based on yy-coincidence data, photon intensities, and, in
a few cases, on y-ray energy fits. Observed coincidences
are indicated on the decay schemes. Absolute y-ray in-
tensities for 4.3-s and 8-s "'Tm decays are obtained by
requiring the sum of photon transition intensities to the
' 'Er ground state to be 100% for each decay scheme. A
QEc value of 7500 keV (Ref. 12) was used to compute
logft values for the (P++EC) branches shown on the
level schemes.

The ' 'Er ground state has one neutron in the f7/Q
state above the N=82 closure, and the ii3/z "9/z p3/z
p, /2, and f»z states are vacant. The experimental ener-

gy systematics of these orbits for N= 83 nuclei is shown
in Fig. 9. A large part of the (P++EC) strength from
4.3-s ' 'Tm with its —", (4~h „/~ }J c (~h»/z )

configuration is expected to proceed via a m.h &&&z~vh9
transition. The proton and neutron states involved in
other (P++EC} transitions are similar to those discussed
in Sec. II B.

The low logft value for the p transition from the "'Tm
A

& & /'z ground state to the 801 .5-keV ' ' Er level is con-
sistent with the 801.5-keV level's h9«assignment. ' The
1140.2-keV state has also been seen ' in the decay of a
0.6-s ' 'Er isomer at 2586 keV and has been identified as

the i j3/p single-particle state mixed with the (vf7/p X3 )

octupole vibration. From the energies of —",
+ states in

N=83 nuclei and of 3 states in N=82 nuclei, an octu-
pole admixture of =45% was estimated. The energy pat-
tern of 3 states can also be considered in terms of the
3 octupole states' microscopic structure where the larg-
est component is (nh»/2 trd»z}.

The transition strengths for the 1140.2-keV and 338.2-
keV photons, by using the measured half life of 10+3 ns
and our measured branchings are B(E3)=3 +512 W.u.
and B(M2)=0.4 +5.01 OW. u. , respectively. From the
M2 retardation factor for the 338-keV y ray, about 5 to
25% of the —', state was also deduced to be admixed
with the (vf 7/2 X 2+ ) collective excitation. The low logft
values of 5.6+0.2 and 4.6+0.2 to the —",

+ and —', levels,
respectively, in the present work do not provide any con-
clusive information for the amount of collective-state ad-
mixtures.

Transitions from the 1496.0- and 1548.5-keV levels to
the —,

' and —", states, combined with the logft values for
the (/3++EC) decays, allow only J = —", and [consider-
ing uncertainties in (P++EC) feedings] —', + assignments
for these levels. Barden et al. proposed that the 1549-
keV level is the best candidate, among the three levels at
1496, 1511, and 1549 keV, for being the
J =

—,', (vf7/2 X2+) mixed significantly with the
vh9&zstate. They did not, however, observe the 408.3-
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TABLE II. Energies and photon intensities of transitions assigned to the decay of the j, ~z& state in
151T

(ke~)

136.9(43
214.5(4)'
219.9(4)'
224.9(4)
241.3{6)'
272.9(6)'
332.7{6 }'
338.3(6)
353.5(6)
354.2(6)
380.0(3 )'
408.3(3)
417.1(3}'
446.7(4)'
478.6(6}'
526.7(4)
580.6(3)
677.6(4)'
692.8(7)
718.0(4)
765.8(4)
801.5(3)
818.6(10)
850.1(7)
865.5(7)'
893.5(6)'
919.3(4)
929.1(4)'
935.1(7)
956.1(7)
962.4(7 3'

1071.3(10)
1092.7(4)
1097.4(6)'
1123.2(4)
1 140.2(3)
1199.0(10)
1326.2(5)
1363.6(3)
1368.0(4)
1372.9(4)
1411.4{7)
1455.5(5)'
1483.0(7)
1488.5{4)
1495.8(4)
1511.5(3)
1525.9{4)
1535.6(3}
1548.5(3)
1549.6(9)
1586.5{6)
1635.5(8)
1683.5(4)
1685.7{6 }'
1761.7(7 3'

1764.2(4)'
1777.1(10)

Level energy
{keV)

2212.7(7)

1720.8(5)

1140.2(3)
2075.3(5}
1495.8(4)

1548.5(3)

2075.3(5)
1720.8(5)

1495.8(4)
2212.7(7)
2449.5(6)

801.5(3)
3031.1(5)
3766.7(9)

1720.8(5)

2075.3(5)
3031.1(5)

2212.7(7)
2776.2(6)

3288.3(6)
1140.2(3)
2921.6(6)
2874.7{6)
2165.1(5)
2916.6(4)
2174.4(5)
2212.7(7)

3031.1(5)
3037.3(5)
1495.8{4)
1511~ 5(3)
3037.3(5)
3031.1(5)
1548.5{3}
3270.5(10)
3270.5(10)
2776.2{6)
1683.5{4)

29}6.6(4)

(relative)'

0.244(30)
0.117(41)
0.076{8)
0.42(9}
0.17{4)
0.33(7)
0.57(12)
0.29(9)
0.44(11)
0.42(13)
0.79(8}
0.57(6}
0.57(6)
0.54{5)
1.07(21)
2.23(12)
2.70(27)
0.24(5)
0.66(6)
0.67(7)
0.75{4)

100(5)
0.58(9)
0.69(23)
0.49(5)
0.41(4)
0.45(9)
0.22(5)
0.40(8)
0.27(5)
0.42(9)
0.32(6)
0.63(10)
0.79(24)
1.33(7)

15.6(8)
0.32(16)
1.64(16)
4.98(25)
0.94(9)
1.22(12)
0.57(9)
0.84(13)
0.84(21)
1.52(38}
7.3(7)
2.8(8)
1.84(40)
2.27(45)

13.2{13)
1.52(16)
0.55(27)
0.70(35)
1.85(19)
0.83(17)
0.80(8)
2.43(15)
1.0(3}

J~ (relative)
(Ref. 8)

14

14
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TABLE II. {Continued).

E~(keV)

1809.8(3}
1890.8(3)
1953.7(7)
2071.7{7)
2073.3(6}
2115.1(3)
2120.1(4)
2140.2(7)'
2199.6(7)'
2229.7(4)
2236.0(4)
2244.8(7)'
2313.6(10)
2329.6(10)
2411.9(10)
2449.5(6)
2451.1(6)
2469.7(9)
2539.2(25)
2921.7(25)
3037.5(25)
3110(3)

Level energy
(keV)

2611.3(5)
3031.1(5)
3093.9{8)
3212.6(8)
2874.7(6)
2916.6(4)
2921.6(6)

3031.1(5)
3037.3(5)

2313.6(10}
2329.6(10)
3212.6(8)
2449.5(6)
2451.1(6)
3270.5(10)
3340.7(30)
2921.6(6)
3037.3{5)
3110(3}

I~ (relative)'

4.2(6)
3.19(23)
0.41(6)
0.98(40)
1.11(45)

16.9(9)
2.29(14)
0.41(12)
0.80(8)
4.4(7)
2.54(40}
0.64(16)
1.79(27)
1.55(24)
0.44(14)
1.79(18)
0.70(7)
0.32(4)
0.87(18)
1.01(25)
1.56(30)
0.81(6)

I~ (relative)
(Ref. 8)

18

Photon intensities are normalized to 100 for the 801.5-keV y ray. For absolute intensities
(which are shown on the level scheme in Fig. 7) multiply by (0.658 0.033). Conversion coefficients
used to calculate total transition intensities (I~+I„)for some of the y rays are as follows: a(136.9y;
M1/E2) = 1.06(13); a(224. 9y;M1/E2} =0.23(6); a(338.3y;M2) =0.380; a(353.5y;M1/E2}
=0.065(23); a(354.2y;E2) =0.0424, a(408. 3y; E2)=0.0283; a(526.78;M1/E2) =0.023(8);
a(580.6y; M1/E2) =0.018(7); and a(801.5y; M1)=0.0109.
Normalized to 100 at the 801.5-keV y ray.

'Not placed in level scheme. Some of the y rays above 1 MeV in energy may belong to the decay of the
s&z& state in "'Tm (y rays below 1 MeV are seen in coincidences with some of the strong y rays of
11/2 '"Tm decay).

keV y-ray transition to the —",
+ level which makes the —',

assignment unlikely.
The first 2+ collective state in ' Er is at 1578.9 keV.

The —", , —,', . . . states of the (vf7/p X2+) particle-core

coupling in ' 'Er are expected to be close to this energy
(see, e.g., Ref. 26). The 1511.S-keV level in '~'Er could
possibly be the —', , or —", member. This level decays
only to the ground state, and it is fed very weakly, if at

TABLE III. Energies and photon intensities of transitions assigned to the decay of the s, ~2 state in
"'Tm.

E, (kev)

222. 1(4)
984.1(4)

1048.3?(6)
1637.4{5)
1982(2)
2067{2)

Level energy
(keV)

1206.2(6)
984.1(4}

2032.4(8)
2621.5{7)
2966(2)
3051(2)

I~ (relative }'

2.9(6)
100(20)

2.6(9)
33{7)
16(7)
16(7)

I~ (relative}

0.116(24)
4.0(8)
0.103(36)
1.31{27)
0.64(29)
9.64(26)

'Relative photon intensities are normalized to I (984.1y ) = 100 per 100 decays of the s l &2 state in "'Tm.
This absolute normalization could be an upper limit if there are more transitions decaying directly to
the ' 'Er ground state. A conversion coe%cient of a(M1) =0.307 was used for calculating the total in-
tensity shown in the level scheme for the 222. 1-keV transition.
Relative photon intensities normalized to a value of 100 for the 801.5-keV transition (see Table II) that

follows the decay of the h» ~& state in "'Tm.
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FIG. 7. Proposed decay scheme for the h»/~ ground state of "'Tm. Total intensities per 100 decays of the parent state are given
«1&o~ing the y-ray energies. Observed coincidences are indicated in the figure by dots in the conventional manner.

all, by the (p++EC) decay of h» zz
"'Tm.

The (p++EC) transitions to the 2916.6-, 3031.1-, and
3037.2-keV levels have low logft values of 4.4, 4.5, and
4.7, respectively, if one assumes that there is no apprecia-
ble feeding from higher excitation energies by some of the
unplaced y rays listed in Table II or by high-energy y
rays outside of our detection range. These allowed
(P +EC) transitions determine the parities of the three
levels to be negative and the spins to be —,', —", , or —", . By
considering the available proton and neutron states, one
infers that these fast (p++ EC) transitions most probably
involve the ~h»/z~vh9/p transition. The 3037.2-keV
level deexcites by equally strong y rays to the vf 7&& and
vA 9/2 states. Because of y rays proceeding to the —', and

states, the spins (m. = —from logft value) of the
2916.6- and 3031.1-keV levels must be —", or —' . Inten-

sities of the deexciting y rays suggest that the characters
for these two levels are not the same.

The 2916.6- and 3031.1-keV levels were also observed
by Barden et al. who suggested [(irh» z~,
vh 9&z )J,+ irh» zz ] —,', —", , —", configurations for
them, populated through a proton of an h»/z pair in
' 'Tm decaying to the v&9/2 state. Spin of —,

' is unlikely
from their decays to the —",

+ level, and the proposed com-
position is inconsistent with the levels' decay patterns.
The 2229.7- and 1890.8-keV y rays from the 3031.1-keV
level, for example, populate the —', and —",

+ states with
about equal intensity which would require a
vi6 9 /p ~vl ]3 /2 y transition to compete with the transition
to the vh9/p state.

The —,
'+ isomer in ' 'Tm was produced through ' 'Yb
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decay and through (3p2n) evaporation from the com-
pound system. Its total production is calculated from the
intensities of the 801.5- and 984.1-keV y rays to be about
2.6%%uo of that for the —",

' 'Tm ground state. Because of
this low yield, only a few y rays could be assigned to 8-s
' 'Trn and their identification is based on coincidences
with the 984.1-keV y ray.

The spin and parities of levels shown in Fig. 8 above
2-MeV excitation are deduced from logft values. Since
the level at 984.1 keV is populated by a (P++EC) branch
from the —,

'+ state and it decays to the —,
'+ ground state,

we assign the vp3/2 shell state to this level in analogy to
the p3/2 states in %=83 nuclei with Z & 68. The same as-
signrnent was made in Ref. 8.

The p, &2 state is also expected to be populated in 8-s
' 'Tm decay Uia m.s»2 vp»2 transition. The experi-

mental energies of the —,
' neutron states follow a trend

similar to the p3/2 states spectrum (see Fig. 9). In the P
decay of —,

' ' Ho [T,/2 =54 s (Ref. 27)] levels have been
observed in ' Dy at 1407.2 keV and eight more at
higher energies above the —', state at 1034.9 keV. The
levels above 2 MeV have positive parities based on logft
values for their P feedings. The 1407.2-keV level is the
most probable candidate for the vp»2 state in ' Dy. In
' 'Er, among the P transitions to levels above the p3/p
state (see Fig. 8), only the P decays to the 1206.2- and
2032.4-keV levels could be first forbidden. Therefore,
these levels may be candidates for the —,

' state. The
1206.2-keV level in ' 'Er fits the —,

' energy systematics
rather smoothly (see Fig. 9); the level at 2032.3 keV does
not. We therefore, tentatively, propose a vp»2
configuration for the 1206.2-keV level.
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III. HARTRKE-FOCK-BOGOLIUBOV (HFB)
CALCULATIONS

The spectra of the X=83 nuclei are calculated with the
spherical HFB theory. The model space is given in Ref.
29. Since the valence space does not permit radial mix-
ing, the HFB equations separate into coupled Hartree-
Fock (HF} and Bardeen-Cooper-SchriefI'er (BCS) equa-
tions

e,=e,+I
I I,= g V~, J,(2j'+ l )u,

V, ', =(2j+1) '(2j'+1) ' g (2J+1)
J

& J rj ~ Jlu. Igrj r J &,

6,= —,'(2j+1) ' y (
—1)' '(2j'+1)'

(j J=OT=llu, l(j') J= TO=1)u', ',u,

where e is the inert core energy, e is the HF single-
particle energy, I is the HF potential, b is the pair po-

tential, and r is a (proton) or v (neutron). The energy
contribution to I, due to one nucleon in the orbit j'~' is

V, ', . The relevant matrix elements of V are given in
Table IV. The orbital occupation probability is

u, =
—,
' [1—(e„—A,,)/E, ],

~here the quasiparticle energies are

E,=[(e,—A,,) +b, ,]'
and u + v =1. The %=83 nucleus is described as a one
quasineutron excitation of the %=82 core. The excita-
tion energies of the X=83 nucleus are

where E, is the smallest quasineutron energy.
The inert core energies are chosen so that the HFB

single-particle energies agree with the experimentally de-
duced single-particle energies in ' Gd. The interaction
is the Brueckner G matrix derived from the Reid soft-
core potential. ' This interaction is used to calculate the
pairing gaps as well as the single-particle energies.

The calculated %=83 spectra are shown in Fig. 10.

TABLE IV. Matrix elements V„,,

3p1 r2

3p3y2

&fsr2
2f7n
1h 9~2

1113/2

—0.675
—0.790
—0.494
—0.479
—0.350
—0.303

—0.464
—0.511
—0.458
—0.609
—0.372
—0.358

2d 5/2

—0.559
—0.492
—0.568
—0.495
—0.414
—0.316

1g7/2

—0.302
—0.312
—0.356
—0.388
—0.470
—0.514

—0.282
—0.270
—0.349
—0.309
—0.596
—0.372

Vj, „is the contribution to the neutron spherical HF potential I", due to one proton in the subshell
j'. See Eq. (3). These are for the unscaled interaction.
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Comparing with the experimental spectra in Fig. 9, it is
apparent that the systematics are not reproduced. Most
notably, the experimental —",

+ level decreases with Z
from ' Xe to ' Gd, whereas the calculated li, 3/2 level
increases with Z. Comparing the calculated and experi-
mental spectra for ' Xe, one sees that the calculated
3p, /2, 2f,/2, and li i3/2 levels have the wrong energy.

Why does the spherical HFB calculation fail to repro-
duce the experimental energy systematics? There are two
possible reasons. First, the spherical HFB theory only in-
cludes single-particle excitations. If a particular experi-
mental level contains a significant component which is
collective and not single-particle in nature, then one
should not expect the spherical HFB theory to give a
correct description of that particular energy level. This
may be the reason why Fig. 10 gives the wrong systemat-
ics for the —",

+ levels (see Sec. II C).
There is a second reason why the spherical HFB calcu-

lation might fail to reproduce experimental energy sys-
tematics. Perhaps the interaction used may not be the
correct effective interaction for these nuclei. If the
correct interaction mere used, then perhaps the energy
systematics would be reproduced. We will take this pos-
sibility seriously and adopt the point of view often ex-
pressed by Talmi. The experimental spectrum of one
nucleus may be used to infer a set of effective interaction
matrix elements. These matrix elements can then be used
to calculate the spectra of other nuclei. We follow this
procedure for the %=83 spectra. For purposes of illus-
tration, we leave the i&3/p level in the calculation. How-
ever, we emphasize that we do not claim that the experi-
mental —", + states can be described as vi/3/2.

To identify the relevant matrix elements, consider how
the 3p3/2 neutron level varies with increasing Z. For nu-

clei between ' Xe and ' Gd, protons are being added to
the 2d5/2 and 1g7/2 orbitals. The interaction between the

3p3/2 neutron and a proton in the 2d, /2 and 1g7/2 orbit-
als determines how the 3p3/2 level varies with Z. Sirnilar-
ly, for nuclei heavier than ' Gd (Z&64), protons are
added to the 3s, /p 2d3/2 and lh»/2 orbitals. The in-
teraction between the p3/2 neutron and those proton or-
bitals determines how the 3p3/p level varies with Z for
Z&64. Similar arguments apply for the other neutron
energy levels.

This argument can be put into a quantitative form by
calculating the variation of an %=83 excitation energy
with proton number

dEJ,
dZ dZ

If 5 and A, „are zero, then

dE,'„

dZ dZ

dZ ''= g [V „,', —V,„',.](2j'+ I) v',

If 5 is not zero, but is approximately constant with Z,
then the first equality in Eq. (9) becomes an approxima-
tion. Equation (9) shows that the variation with Z of a
particular neutron excitation energy is determined by
those orbits which have a nonzero value of du /dZ.
These are primarily the proton orbits which are being
filled such as the 2d»z and lg7/2 orbits for nuclei be-
tween ' Xe and ' Gd, and the 3s&/p 2d3/2 and 1h&&/z

orbits for nuclei heavier than '" Gd. Consequently, for
nuclei between ' Xe and ' Gd, the variation of the 3p3/2
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TABLE V. Scale factor g, ,, ,

2d 5/2

3&1/2

2d3/2
1~ 11/2

3P1/2

3p3/2
~fs/z

2f7/p

1h 9/2

1~ 13/2

0.85
0.97
0.80
1.00
0.98
1.33

1.50
1.08
1.00
1.00
1.05
1.03

'The factor y scales the effective interaction. See Eq. (10).

rz'
j vj 'n &jvj 'n ~j v,j 'm (10)

We reduce the number of free parameters in g by using
the same value of y for j'=2d5/z, 1g7/p and the same g
for j'=3s, /&, 2d3/p 1A]]/p The values of g are chosen
as follows: The experiment has dE', /dZ(0 for nuclei

P3/2

from ' Gd to ' 'Er. The original interaction gives
dE', /dZ =0. Since dU, „/dZ& 0, dud „/dZ& 0,P 3/2 1/2 3/2 '

and du& /dZ) 0, Eq. (9) suggests that this discrepan-
11/2

cy can be eliminated by increasing the attraction between
the 3p3/p neutron and the 3s~/z, 2d3/p and 1h„/z pro-
tons. Consequently the scale factor g must be greater
than unity for these matrix elements.

2

excitation energy can be altered simply by changing the
values of V vd „and V

P 3/2 ' 5/2 P3/2 '~g7/2

A phenomenological scale factor y is introduced to
define new effective interaction matrix elements

varied until the calculated and experimental —, excita-
tion energies agree in ' 'Er. At the same time the core
energy e is varied so that the calculated and experi-

P3/2

mental —,
' energies remain in agreement for ' Gd. Next
„(=y,, ) is varied until the calculated

P3/2 ' 5/2 P3/2 'g7/2

and experimental —,
' energies agree in ' Xe. The new

set of matrix elements V', ' is now determined.
P3/2 v, J 7T

This procedure is repeated for other neutron orbitals:
3p, /z, 2f, /z, 1h, /z, and li, 3/p The interaction of the
2f7/p neutron ground state with the protons is not scaled.
Since the experimental —, level has not been identified in

Dy or ' 'Er, the matrix element V&, , is not
5/2 ' 1/2

scaled. The values of g are given in Table V. The new
set of matrix elements V', '„and core energies e i's now
completely determined.

The spectral of the %=83 nuclei obtained with this
new effective interaction are given in Fig. 11. It should
be emphasized that the same matrix elements and core
energies are used for all nuclei. It should also be em-
phasized that the number of free parameters introduced
by scaling the interaction is small compared to the num-
ber of calculated levels. From Table V observe that only
nine scale factors differ from unity. These are the param-
eters. Also five of these nine parameters are very close to
unity. Setting them equal to 1 would only produce small
changes in the spectra. So only four parameters are re-
quired to calculate spectra similar to Fig. 11. The num-
ber of calculated level energies is 35. The levels of ' Gd
are not included in this number, since this nucleus is fit

by the choice of core energies.
Compare the systematics of the experimental spectra in

Fig. 9 and the new calculations in Fig. 11. The agree-

2f5/2—
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K
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W 2f g/2

O 1 — 9/
z

1

P1/2

C3
X
LLI

3Pg/2

1I13/2
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0 —2f ~/2

137X 139B $41( 143gd 145S 1490 151F

FIG. 11. Energy systematics of HFB single-neutron states in %=83 even-Z nuclei. The interaction is scaled by y (see text).
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ment is dramatically improved. The calculated systemat-
ics are now in excellent agreement with experiment.

Finally, it should be noted that the HFB spectra in Fig.
11 could be improved even further. The scale factors g
were not determined by a least squares fit to the data, but
rather by two or three iterated guesses. Also, one could
relax the requirement that the same values of y be used
for the 2d5/2 and 1g7/2 proton orbits, and for the 3s, /z,
2d3/p and 1h»/2 proton orbits. This, however, would in-
crease the number of parameters.

We have shown that the experimental spectra can be
used to scale a few selected matrix elements, thereby
defining a new effective interaction. Using this new in-
teraction, the HFB spectra agree with the experimental
systematics. The conclusion is that a single-particle
description can provide the N= 83 energy systematics, if
the proper Hamiltonian is used.

We conclude with some comments regarding the —",

states. It has been suggested that these states are a mix-
ture of vi, 3/2 and a 3 octupole phonon coupled to vf7/p
(see discussion in Sec. II C). One argument used to justify
this assignment is that the —",

+ states in N=83 isotones
track the energies of the 3 states in the corresponding
N=82 nuclei, thereby explaining the —",

+ energy sys-

tematics. What we have demonstrated is that this argu-
ment alone is not su%cient to demonstrate the octupole

phonon admixture in the —",
+ states. We have shown that

a single-particle description can explain the energy sys-
tematics of the —",

+ states, if the proper Hamiltonian is
used. Therefore, the second argument based upon B (E3)
values become crucial for demonstrating the octupole
phonon admixture. Once we admit this additional evi-
dence, then the spherical HFB theory cannot properly
describe the —",

+ states. Furthermore, the scaled effective
interaction for the vi, 3/2 state becomes spurious, since it
is derived, in part, from the incorrect assumption that the
experimental —",

+ energies can be identified as vi )3/2 ener-
gies.
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