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The levels of the deformed nucleus !$Tm were studied both by 8 decay and by heavy-ion in-
beam y-ray spectroscopy. In addition to confirming the four lowest bands +[411],%+[404],
$-[523], and 3-[541], evidence is obtained for the $+[402] and §+[411] bands, and many
other higher levels. Several higher members of the ground band are shifted in energy from
earlier proposals. Comparison is made with theory both with regard to rotational spacing

parameters and to band-head energies.

RADIOACTIVITY 1%Yb; measured E,, I,, vy coin. 1865Tm deduced levels, J, T,
K, logft.
NUCLEAR REACTIONS *Gd(''B, 4n), E =47.5-88 MeV; measured E,,L,(6),77,
coin. 1%Tm deduced levels, J, T, K.

I. INTRODUCTION

The odd-mass thulium isotopes form a most in-
teresting series from the standpoint of nuclear
theory. Three Nilsson bands have been identified
and traced'”® across the series from mass 165
through 171. These are the ground band 3+[411]
and excited bands Z+[404] and - -[523]. (Bands
are designated by the usual Nilsson asymptotic
quantum numbers Q[N #n,,A].) The energy sepa-
rations of these bands shift in ways not readily ex-
plainable in terms of simple deformation shifts in
the Nilsson model. The ground-band properties*
have been extensively studied, especially for
stable **Tm, where Mdssbauer scattering and
Coulomb excitation are-available tools.

We initiated twofold studies of ®*Tm via radio-
activity and heavy-ion in-beam 7 spectroscopy at
the Yale Heavy Ion Accelerator Laboratory at a
time when the information on this nucleus was
limited. There had been a few decay-scheme
studies®™® of the radioactivity of parent *¢*yb,
made difficult by its inconveniently short half-life
of 10 min. We reported preliminary results of our
studies earlier.® Before completion of our work,
the independent in-beam y studies of the Grenoble
group of Gizon et al.'® were published, nicely es-
tablishing four rotational band sequences up to
high spin. Our in-beam studies confirm their
assignments except for some changes above the
- spin in the ground band, and our y angular dis-
tributions confirm multipolarity assignments. The
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complex radioactive decay populates many addi-
tional levels not observed by the in-beam work,
thus providing a nice complementarity. After
completion of our work a new independent study

of the radioactive decay was reported by Adam

et al.** This report shows only the decay to the
lower levels, in complete agreement with our
work, but it supplements our work in that conver-
sion electron and positron spectroscopy were per-
formed, offering direct assignments of multipolar-
ities and a needed redetermination of the positron
end point. In Ref. 11 the ground-state energy is
about 2 keV lower than we propose. There is in-
sufficient detail in the very brief Ref. 11 to re-
solve this discrepancy, for no electron or y spec-
tra or tables are presented.

II. EXPERIMENTAL METHODS
OF RADIOACTIVITY STUDY

The '%°yb sources were produced by the °°Tp
(B, 5n) reaction with !'B ions accelerated in the
Yale heavy-ion accelerator (HIA). The thickness
of the metallic terbium target was ~5-7 mg/cm?
and the beam energy of 'B ions was degraded
from 116 to 60 MeV with aluminum and terbium
absorbers to enhance the (*'B, 5z) reaction over
the 4z and 6z reactions.

Both in the y-ray singles and coincidence mea-
surements, 40-cm?® Ge(Li) detectors in conjunc-
tion with pulse pileup rejection amplifier chains
were employed. The over-all system energy res-
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olution was 1.5 keV full width at half maximum at
100 keV. A conventional fast-slow coincidence
setup with 40-ns time resolution was used, the
fast signals being used to trigger a time-to-
height converter. The three signals for each
coincidence event, namely, the energy of the
first y ray, the energy of the second one, and the
time elapsed between the y rays, were digitized
and recorded serially on magnetic tape by a
PDP 8/I computer system. The various coinci-
dence relationships were unraveled by sorting
through the tape after the experiments.

Complementary to the 5*Tb(*'B, 5%) reaction,
the %*Tm (p, 5n) reaction was utilized to observe
the y rays in the '%Yb decay with an appreciable
reduction of ***Tm impurity. The 50-MeV proton
beam was accelerated in the synchrocyclotron at
the Institute for Nuclear Study, University of
Tokyo.

For the energy and intensity calibrations, ™Lu™
and the International Atomic Energy Agency stan-
dard sources were employed in the Yale experi-
ments, while 1°Ag™ 3%Ba 152Ky, 1%Tm, and "Tm
were used at the Institute for Nuclear Study.

Following the experiments, the y-ray spectra
were analyzed for peak positions, area, and y-
ray energies using the computer programs SAMPO'
on the Yale Computer Center’s 7040-7094 DCS sys-
tem and BOB! on the FACOM 230/60 system.

III. EXPERIMENTAL METHODS OF IN-BEAM
v SPECTROSCOPY

The experimental techniques employed in this
investigation are similar to those described pre-
viously.!* Usually three separate experiments
are performed: excitation function measurements,
y-v coincidences, and y angular distributions.

For all of these experiments, an 8.6-mg/cm?
metallic '%8Gd (97.6% enriched) target obtained
from the Oak Ridge National Laboratory was ir-
radiated with a !'B beam from the Yale HIA. For
the excitation function measurements, 'B beam
energies of 47.5, 52, 60, 64.5, 70, and 88 MeV were
used, the y-ray spectra being observed at 55° with
respect to the incident beam by a 40-cm?® Ge(Li)
detector. )

For the y-y coincidence experiment, two 40-cm?
Ge(Li) detectors were placed at 90° relative to the
incident beam, each approximately 2 cm from the
target, thus subtending a substantial solid angle,
though open to spurious coincidences from Compton
scattering events.

The angular distribution of ¥ rays was measured
by placing the target in a thin-walled (0.5-mm
aluminum) cylindrical chamber 5 cm in diameter.
The beam and any particles recoiling from the
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target were stopped by a 150-mg/cm? lead foil,
curved to a radius of 0.5 cm, and placed 0.5 cm
behind the target. y measurements were made at
angles of 0, 30, 45, 60, and 90° with respect to the
beam, at a distance of 3.75 cm from the target.
The target Gd K x-ray intensities were used for
normalization of the spectra.

Calibrations of detectors and analyses of y-ray
spectra were performed as described in Sec. II.

IV. RADIOACTIVITY RESULTS

By repeated bombardments and decay curve
counting it was possible to assign nearly a hun-
dred y lines to the decay of !%°yb. Principal inter-
fering activities are the decay of 30.1-h *Tm it-
self and the activities in the adjacent mass chains
76-min '%*Yb and its daughter, 1.9-min '®Pm, and
57.5-h '%%yb and its daughter, 7.7-h %Tm, and
18-min '%"Yb and its daughter 9.6-day *"Tm.
Figures 1(a)-1(c) show the singles y-ray spectra
of 1%5Yb.

The first column of Table I lists the y rays as-
signed from singles spectra to the decay of *°Yb,
(Table II is a supplementary y-ray list of transi-
tions inferred later from coincidence results or
decay-scheme considerations.) The energies
are listed as determined and not readjusted in
light of the proposed level scheme. The y ener-
gies listed on the proposed level schemes are
those determined by exact subtraction of proposed
level energies. Thus, a comparison of the energy
consistency of the level scheme is readily made.
Where a dual assignment of a v ray has been made,
asterisks are placed in the level scheme.

Column 2 lists the y-ray intensities relative to
the 80.1-keV vy ray, taken as 100. Both energies
and intensities were obtained from least-squares
fitting of the peaks by the Berkeley routine SAMPO!?
and by BOB.!3

Column 3 lists assignments of initial and final
states in the level scheme with the notation giving
the spin, the K (angular momentum projection)
value, and parity of the initial and final states,
separated by the solidus. In cases where complete
quantum number assignments could not be made,
the energy of the level serves to specify the assign-
ment. Multiple assignments of presumably unre-
solved lines are bracketed.

With the large number of y rays of '%°YDb it was
crucial to have extensive coincidence measure-
ments. Using the three-dimensional (y-y-time)
event-by-event tape recording of coincidences on
the Yale HIA computer and using many source
preparations, it was possible to accumulate suf-
ficient events to be statistically significant for all
the stronger transitions. It is not practical here
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to present all the data, for even a tabular summary dence results can be read from the level-scheme
would be lengthy and possibly misleading in cases diagram, where solid dots indicate the coincidence
of low statistics. Three representative coinci- relationships.
dence sorts are shown in Figs. 2(a)-2(c). Contri- We have not carried out new measurements of
bution from the Compton pedestal backgrounds conversion electrons or positrons but would note
have been subtracted out by gating on flat portions here the essential results from earlier work pub-
of the spectra near the gate lines. Other coinci- lished by Paris,” by Tamura,® and by Adam et al.'!
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FIG. 1. (a)—(c) Singles y-ray spectrum of radioactive decay of 10-min 1%Yb. Shown is the sum of spectra from three
separate irradiations. Each of the three was observed over the time interval 5 to 25 min after the end of 10-min bom-~
bardments of Tb targets with !!B ions; (a), (b), and (c) are the corresponding spectra for the low-, medium-, and high-
energy parts for the sovrces produced by the %Tm (p, 57) reaction. The figure labels the 1¥5Yb lines by energy (keV) only
and the peaks of contaminants by energy and isotopic label. Decay curves were followed to establish isotopic assign-
ment of the lines.
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TABLE I. vy rays in ¥°Yb decay studies.
Assignment Assignment
Initial /final state Initial /final state
E, I, IKT or E (keV) E, I, IKr or E (keV)
30.8+0,1 w (2i-/§4+)2 433.1+0.1 0.31 592.2/4 1+
68.9+0.1 17 114 /3 4+ 462.2+0.2 0.12 592.2/% 4
80.1%0.1 100 13-/17+ 479.6+0.2 0.50 {491 2/35
91.7:+0.1 1.2 $-/14-P 609 5/§-+
104.3+ 0,1 0.40 1+/3 3+ 491.5 w 491.2/4 4+
118.1+0.1 4.8 3de/84+ 544.4+0.3 0.07
54y /14 566.7+0.5 0.16 725.8/% 3+
129.9+0.1 1.1 {; _i;_? _i 578.4+0.5 0.10
2277272
132.2£0.1 0.20 33+/13+ 589.3+0.7 w 1315.0/725.1
134.6%0.1 0.18 24~ /7_21 597.8+0.5 0.04 609. 5/- 3+
147.3+0.1 1.8 /3 4+ 605.8+0.2 0.05
156.5+0.1 0.29 38+ /1 3+ 636.5% 0.3 0.33 1188.8/3 §+
158.2+0.1 0.13 655.8+0.3 0.58 950.0/4 3—
170.3+0.1 1.1 2/3 4+ 675.1+0.1 0.13
185.8+0.3 0.64 35+/5 0+ 728.9%0.5 0.07
203.3+0.1 0.55 /i 736.8+0.5 0.09
208.0£1.0 Masked Ylo/ii-c 743.0+0.5 0.03
232.5+0.2 0.37 $4+/3 4+ 772.0+0.5 0.09
235.1+0.2 0.13 -2535+/§7 .;+ 784.3+0.5 0.52 1100. 5/5 5+
255.140.2 0.10 { Ude/ide 825.8%0.5 0.35 1037.8/3 1+
(1582,0/1326.5) 830.320.5 0.29 1018.1/4§ 4-
261.0+0,2 0.13 13+/8 4 838.8+0.5 0.11
264.0+0.5 vw G 4-/3 34 853.5+ 1.0 0.06
275.5+ 0.2 0.30 _;2_%~/_21%+ 854,9+1.0 0.05 1014. 2/- 7+
282.5+0.5 w 878.6 1.0 0.39 {1370'4/491'2
290.3+0.5 0.10 15+/8 4+ 1037.8/4 1-
292.2+0.5 0.04 920.04 1.0 0.04
304.0+0.1 1.60 33H/34+ 935.0+0.3 0.69 1251.0/4 +
312.0+1.0 0.15 938.0+0.5 0.21
320.8+1.0 0.36 -2151-/55514, 044.0+1.0 0.06
332.3+0.5 w 491.2/% 3+ 948.01.0 0.05
361.5+0.3 0.34 491.2/55 51+
363.3+0.5 0.14 725.1/2 4+ 956.5+ 0.2 1.711 {1037 8/33+
391.0+0.2 0.53 1326.5/% 3—
404.3%0.2 0.26 1014.2/609.5 963 1.0 0.05
415,9+0.2 0.27 972.7+0.5 0.07
422.2+0.3 0.05 976.8+1.0 0.04
427.0£0.5 0.06 989 +1.0 0.09
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TABLE I(Continued)
Assignment Assignment
Initial /final state Initial /final state
E, I, IKr or E (keV) E, I, IKm or E (keV)
1315.0/3 2+
999.2+0.1 1.10 /3 1219.5+0.5 0.83 1582.0/2 1+
1129.1/3 -1+ 2
1239.2+0.5 0.44 1251.0/3 l+
1002.5+0.5 0.04
1248,8+0.2 0.07 1565, o/i3 -5+
1009.5+1.0 .
09.5 0.06 1253.2+1.0 0.01
.6x0, .
1012.6%0.5 0.10 1424.8/1 4+
1015.64 0.2 0.17 1265.6+0.3 0.30
: : . 1582.0/3 3+
1029.9+0.1 1.22 {1582 0/§ 3+ 1269.3+0.3 0.23
14
1188.8/7 3+ 1289.120.2 0.27 1582.0/3 i-
1073.3+0.1 1.44 1326. 5/— I 1296 1.0 0.48 1424_8/55%+d
1090.1+0.1 7.00 {1251 0/33- 1306 1.0 0.04
3 1
1100.5/4 5+ 1309 1.0 0.07
g 11
1006210 0.1 {1100-5/5 3+ 1312.440.3 0.17
1283.4/4 1~ 1329.0+0.1 0.49 1582.0/3 4~
1117.2+0.2 0.36 1129.1/4 4+ 1341.5+0.5 0.04
1121.6+0.2 0.24 1251.0/% i+ 1353.5+0.5 0.03
1126.040.2 0.16 {1308 7/— 3 1367.2+0.2 0.15
1283.4 —-+ 1370.8+0.2 0.23 1582, o/- I+
1145.6+0.5 0.013 1390.2+0.3 0.13
1149.5+ 0.5 0.013 {1308 /33 1399.5+1.0
1308.7/4 3+ 1402.80.5 0.10
1154.3+0.3 0.68 1405.5+ 0.5 0.07 1565.0/1 4+
1161.5+0.5 0.19 1582.0/4 2+ ‘ 1]~
1421.0+0.1 0.45 1582.0/7
1165.2+0,2 0.37 1326.5/% 31— 1582. o/ l+
1188.1+0.2 0.22 1370.4/3 3~ 1426.6+0.3 0.22
1192.8+0.2 0.12 1352.6/7 1— 1435.0+0.3 0.14 1565, 0/— .
11 5 1
1202.5 £ 0.2 0.23 1283.4/5 5+ 1451.9+0.2 0.33 1582.0/2 3+
1565.0/2 3+ 1501.00.2 0.85 1582.0/1 57+
1209.3+0.3 0.11 1530.7+ 0.5 0.091
1212.0+0.3 0.11 1370.4/4 §+

2Not shown on decay scheme.

°Mainly #4Tm.

bWith 1$4Tm fraction subtracted. dDoublet with 1#4Tm.

We defer review of the conversion coefficient
data and multipolarity assignments to the discus-
sion section, except for the microsecond isomeric
transitions. In Refs. 7, 8, and 11 E1 multipolarity
assignments were made to the 80.1-keV transition.
However, in Refs. 7 and 8, where the measured K
and L conversion coefficients were given, their val-

In Ref. 7 the positron end-point energy was deter-
mined as 1580 keV, and we use this value, which
is near the average of all three determinations.
Our subsequent analysis from the level scheme
shows predominant decay to the 161.2-keV level.
Hence, the total decay energy is @z, =1.74 MeV
and Qpc=2.76 MeV.
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ues were about twice the Hager-Seltzer theoretical
were about twice the Hager-Seltzer theoretical
values!® for E1. Furthermore, the assumption of
pure E1 multipolarity for the 80.1-keV transition
would lead to serious difficulties in populating the
80.7-keV level. We believe that the conversion
coefficients of the 80.1-keV transition are really
higher than pure E1 and probably signify M2 ad-
mixture in the E1 transition. Taking Paris’s value”
of 0.05 (E1) and 49 (M2) we get 62(M2/E1)=0.008.
From the Moszkowski single-particle lifetime
formula'® for the M2 transition we get a retarda-
tion factor of 40, a reasonable value. From the
Moszkowski formula we recalculate the E1 re-
tardation factor of 6x107 for the 80.1 keV and an
E2 retardation factor of 4x 10% for the 68.9-keV
transitions. It should be recognized that with E1
retardation so high for a K-allowed E1 transition,
the penetration terms could give rise to anomalies®
in the E1 conversion coefficient hence to uncertain-
ties in the above estimate of /2 admixture. How-
ever, Gopinathan, Jain, and Baba' found no con-
version anomaly in the analogous 63-keV transition
in ¥°Tm. Funke ¢t al.’ found the K-conversion co-
efficient about 25% higher than theoretical for pure
E1 in the analogous 113-keV transition in **Tm.

7

TABLE II. Supplementary 7y rays.

List for 1%5Yb decay

E
Y
(keV)  Assignment Remarks
29.2 34+/33+ Needed for intensity balance
Presumably too highly converted
to observe photon
40.5 34-/34— Seen by Grenoble group (Ref. 10)
in beam
93.3 33-/33— Seeninbeam, both studies
116.6 12—1 -22—/% 57— Coincidence only; singles masked
1204  $d+/21- Seen in beam (Ref. 10)
176.1 33-/43-  Line possible but obscured by
187y activity
189.8 552/-3 %+ Coincidence only; no singles
269.4 -% -21—/-3 %-— Tentative coincidence evidence;
no singles
431.0 592.2/-% -ZZ— Unresolved, broadening of
433.1 line
563.1 1014.2/% %— Possible, but 8°Tm decay masks
595,2 725.1/55 —;+ Tentative coincidence; possible
unresolved singles component
894.9 1315.0/3 2+| Part of unresolved triplet also
895.7 1188.8/%’ _;__ involving another isotope
996.5 1308.7/32 §5+ Coincidence only; no singles
1222.7 1352.6/—2§ -;-+ Coincidence only; singles masked

T. TAMURA et! al. 8

Both these analogous cases involve less retarded
E1 transitions than in %*Tm, so our assumption
of M2 admixture seems reasonable. Whether the
excess conversion electrons are due to M2 admix-
ture or E1 penetration terms does not affect the
level-scheme intensity balance; that is the experi-
mentally high conversion coefficient of the 80.1~
keV transition gives it a total transition intensity
nearly equal to the 68.9-keV transition; hence,

the cascade of these transitions does not require
direct B-decay feed to the intermediate state.

V. IN-BEAM RESULTS

Table III summarizes the results of our °8Gd-
(*'B, 4ny) reaction studies. Column 1 lists the y-
ray energies with energy determinations having
probable errors of about +0.05%. Columns 2 and
3 list for two bombarding energies the y-ray in-
tensities relative to the 147.2-keV line as 100.

In general, the higher the spin of the parent level,
the greater the rise in relative intensity of the y
rays with increasing beam energy. These coeffi-
cients are corrected for finite solid angle of the
detectors. Substantial positive values of A,/A,
are indicators of stretched (- - 2) quadrupole
character.

Figure 3 shows the angular distribution curves
of 14 y lines, taken at the optimum energy of 52
MeV.

Neither the singles nor coincidence spectra
from in-beam work are presented here, as they
confirm but do not essentially add to the published

- spectra of Gizon et al.'® from '%Ho(a, 47y)'%Tm.

Our spectra all have lower statistics, a conse-
quence of the 2% duty cycle of the Yale HIA. Our
spectra differ in replacement of the inelastic scat-
tering v lines of the '%Ho target by the lines of the
158Gd target and in somewhat greater suppression
of the radioactivity background. Our in-beam y
measurements are gated on only during the 2-ms
beam pulse, hence are unusually free of inter-
ference from radioactivity buildup in the target.

VI. PROPOSED LEVEL SCHEME

Building on the framework of lower. levels in the
scheme of the Grenoble group,!° it is possible to
take the radioactivity data to build up an expanded
decay scheme. Insofar as possible we have relied
on our coincidence data, but they are seriously
limited by the microsecond isomerism of the %+
and % — band heads. Hence, energy sum and dif-
ference information had to be relied on also. With
the complexity of the decay we would concede that
some of the transition placements and perhaps a
level or two are accidental and incorrect. Dashed
lines in the level scheme indicate uncertain fea-
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tures. not the same as the experimental transition ener-
The proposed scheme of levels populated in gies from spectral least-squares analysis as given
radioactive decay of '®°yb is presented in Fig. 4. in Tables I and ITI. Table II is a supplementary
The y energies given in the scheme are exactly list of ¥ rays of less certainty assigned to the
the differences of the proposed energy values of radioactive decay. These y rays appear in the
levels. These exact differences are frequently scheme as dashed lines, but they were not clearly
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FIG. 2. (a)—(c) Representative sorts of the three-dimensional (y-y-t) coincidence data from the decay of 1$5Yb. The
gate energies are indicated in the square boxes near the upper right of each spectrum and inset. Spurious contributions
from Compton events have been subtracted out by gating on a nearby flat portion of the spectrum in each case.
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TABLE III, y rays assigned to the %Gd(!!B, 4ny) reaction.

E,? L,bse 1, Assignments
(keV) (52 MeV) (60 MeV) Ay/Ay 4 Ay/Ay 9 21,2K,;n/21; 2K
68.7¢ 34 39 T7+/31+
84.5 16 22 U
92.0 43 48 97—~/77—
104 9.6 Weak 75+/55+
111.9 10 14 0.33+0.37 0.06+0.16 91-/51—
116.6 64 90 —0.33+0.22 0.16+0.23 117-/9 7—
118.1 34 36 0.13+£0.37  —0.38+0.46 51+/31+
120.6 17 21 —0.20+0.28 0.05+0.30 111+/91-
51+/11+
130.0f 54 53 0.26£0,10  0.17+0.10 {97+/7 "
134.4 98 118 —0.18+0,11 0.07+0.10 91—/71+
142.0 69 112 0.18+0.14 0.01+0.15 137-/1117-
147.2 100 100 0.28+0.06 0.01+0.01 71+/3 1+
152 Weak Weak U
155.5 22 28 0.54+0.23 117+/9 7+
164.4 66 102 0.02+0.08 —0.05+0.9 157-/13 17—
170.4 22 42 —0.21£0.13  —0.05%0.15 51-/31+
178.8 20 40 137+ /11 7+
183 20 40 U
191.1 84 104 0.13+0.12 0.02+0.12 177-/157—
202.6 10 43 157+/13 7+
203.4 91+ /71+
204_1}3 160 239 0.24+0.08  —0.08+0.08 {13 1—/91—
207.1 81 87 0.09+£0.09  —0.07+0.14 197-/1717-
212.4 15 40 U
218.5 12 40 U
221.6 12 40 177+/15 7+
232.9 44 39 0.22+0.14  —0.26%0.5 91+/51+
236.6 44 59 0.12+£0.17  —0.23%0.2 217-/197—
241.2 25 45 23 7—/217—
245.3 14 46 U
255.0 M 89 0.32+0.06  —0.13+0.08 111+/71+
259.1 22 18 137-/97—
270.1 10 10 277—/25T—
25 7—/23 T—
277.2 42 45 {(13 1+/111+)
285.9 33 46 117+/77+
298.5 98 136 0.31£0.03 0.01:£0.09 171-/131—
306.6 38 46 0.32+0.08 0.11+0.18 157-/1117—
322 U
327.2 26 20 0.38+0.23 0.25+0.25 131+/91+
171+/151+
334.7 46 60 0.19+0.10 0.06+0.10 {13 /974
340.3 23 16 U
347 Weak 10 U
151+ /11 1+
355.0 92 132 0.26+0.10 0.16+0.27 {17 /187
363.9 17 15 U
380.5 43 48 0.36+0.20 —0.17+0.20 157+/11 7+
385 Weak U
389.7 71 126 0.29+0.15  —0.01+0.15 211-/171—
397.3 50 67 0.33£0.20  —0.17+0.20 197-/157—
403.1 9.3 8.8 U
412.8 21 10 171+/131+
418.5 10 10 U
422.3 36 60 177+ /13 7+
443.0 30 41 0.25+0.20  —0.02+0.19 217-/177—
447.8 11 21 191+/151+

|
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TABLE IIT (Continued)

E,? 1,bee I, Assignments
(keV) (52 MeV) (60 MeV) Ay/Ay 4 Ay/Ay ¢ 212K ;n/21; 2K
460.3 10 15 197+ /15 7+
472 18 Weak U
475 68 104 251-/211-
479 50 58 237-/197—
482 17 Weak U
500 27 38 0.36+0,16 0.18+0.15 217+ /177+
562 20 35 257+/21 7+

2 The accuracy of the energy values is within +0.3 keV for strong discrete lines and 0.5—1.0

keV for weaker lines,

b The intensity is given relative to the 147.2-keV 7y ray for 52- and 60-MeV incident beam

energy.

¢ The accuracy of the relative intensity of y rays is +10% for strong well resolved lines,

20% for the rest of lines.

dThe errors in A,/A,, A4/A, coefficients are only statistical ones, i.e., due to uncertainty
in area determination and to the deviation from the interpolating polynomial, whichever is

larger for any particular point.

¢ Because of the energy fit, part of the intensity of this peak may be possibly placed in the

4, 94 iti
53t 33 transition.

f From the yy-coincidence and y-ray single measurements in '$°Yb decay, the intensity of
130 keV in the £ 4+ — 4 }+ transitions was estimated to be 10 in the units used for both 52-
and 60-MeV incident beam. And therefore a large part of this peak intensity should be con-

sidered to be due to § §+— {1+ transition.

& This peak consists of two v rays, 204.1 keV of § —— 31— and 203.4 keV of 3t~ 14+,
From the v single in 1°Yb decay the intensity of 203.4-keV vy ray was estimated to be 80 for

both 52- and 60-MeV incident beam.

resolvable in the singles spectrum and thus are
not listed in Table I.

To avoid undue confusion, the radioactive decay
scheme of Fig. 4 excludes levels seen only by in-
beam work and does not show transitions seen in
beam. The complete level scheme is given in Fig.
5, including levels observed in radioactivity and
in beam by either our group or the Grenoble group.!°
The transition lines are indicated only for y rays
observed by us in beam and listed in Table II.
Levels established by work of the Grenoble group!®
but for which our statistics were insufficient to
find the confirming y rays are also shown. In no

. case are these unconfirmed levels inconsistent
with our data. We have recalculated all level en-
ergies using our own best values where possible
and working up to higher levels with best Grenoble
group energies.

The level energies have not been given on Fig. 5
because of space limitations but are summarized
by band in Table IV along with the values deter-
mined by the Grenoble group.!® Energies of levels
not associated with bands can be read from Fig. 4
and are not repeated in Table IV.

VII. DISCUSSION
A. General
For nearly all but the uprermost levels, where
we had insufficient statistics in beam, our studies

provide confirming evidence for the correctness
of the Grenoble decay scheme.!® Only in the case
of the weaker branch of transitions in the ground
band do we propose differing assignments, down-
shifting alternate spin levels beginning at spin<.
This alteration results from our proposal of
203.3- and 232.5-keV lines to depopulate the £+
level, instead of their 297.8 and 236.6, respectively.
The assignment question was discussed at length
by Dr. J. Gizon, Dr. A. Gizon, and Dr. J.O. Ras-
mussen, who reexamined Grenoble and Yale data
together. Although it is almost impossible to
decide between alternatives on the basis of in-
beam data, the radioactivity data favor the new
assignments for theZ+ state of the ground band.
Consequently, the energies of the ¥, 2L and
& levels are altered from Ref. 10.

The Grenoble level scheme with this minor al-
teration thus provided the invaluable framework
from which to build with the complex ¥ spectrum
from the radioactive decay. Several y lines were
found to define new levels at 315.8, 420.1, and 552.2
keV. The decay patterns of the y rays clearly
point to assignment as a K =3 band, and the
logical assignment by the Nilsson model is
2 +[402]. Negative parity seems unlikely, as
that would make the cross-band transitions into
the ground-band once-K-hindered E1 transitions,
and these would not be expected to compete with
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allowed M1 transitions into the +~[523] band.
There is also a weak transition to the £+[404]
band head, consistent with our assignment.
Having assigned the new 3+ band, we looked
back at in-beam y data for evidence of its popula-
tion. In the Yale data with boron ion reactions,
only the 104.3-keV transition can be identified,
but the Grenoble data'® with a-particle reactions
show relatively greater population of the 3+ band.
We list the Grenoble group’s unassigned y rays
and intensities (as percent of the 92.0 keV inten-

sity in their Table I) associated with the new band:

104.6 keV (1.5%) and 303.9 keV (19%). Other y
transitions of the new band would be masked in
their in-beam spectra.

It is somewhat surprising that Funke et al.'®
do not find an analogous low-lying 2+ band in their
study of decay of '*’Yb, since the decay schemes
are in so many ways closely analogous, a con-

1
2+(4|I) BAND

L4r 334.0

255.0

1.2} 1.2
LOf 1.0f
14 232.9 .4

RELATIVE y-RAY YIELD

sequence of identical parent ground-state assign-
ments.

With the predominance of the 8 decay to the
4 ~[523] band head with logft of 4.83 we retain the
parent %°Yb assignment of 5-[523] as made by
Paris.” As discussed earlier, the total ground-
to-ground electron capture decay energy is Qgc
=2.76 MeV. With the same ground-state assign-
ment for '§3Yb,, as for its neighbor !§7Ybg, the two
decay schemes are very similar. The decay
scheme of the latter nucleus has been presented
in detail by the Rossendorf group.?®

With a Yb parent spin as low as 3 we expected
that the radioactivity offered a hope of populating
hitherto unobserved 3, £, or £ members of the 3
—[541] band. Dzhelepov, Dranitsyna, and Michailov*
in their Table 1.1a list six cases in which this
Nilsson proton band occurs with at least three

band members known. In three cases the 3-—

I
g—(54|) BAND

1.2\\_# 1.2 %\% ! %

389.7 % l.2r 190.0

o
w
o
o
o
©
o
o

60 90 0 30 60 90

ANGLE (deg)

FIG. 3. 'y angular distributions with respect to the beam direction for the 158Gq (“B, 4nvy) reaction at 52-MeV bom-
barding energy. The solid curves represent least-squares best fits with even Legendre functions of orders 0, 2, and 4.
Note that all the transitions in the two bands, except for the 334 keV, are uniquely assigned to stretched E2 crossover
transitions, consistent with the strong positive anisotropy. The 334-keV transition is believed to be an unresolved
doublet of a stretched E2 crossover in the §+[404] band and a cascade in the 3+[411]. Of the other transitions, the
lower three are assigned as stretched E1 transitions between the 3+ and %- bands, and the negative anisotropies are
consistent with this assignment. The 190-keV transition is assigned as a cascade M1-E2 transition in the-%—[523] band,

and the near isotropy is consistent with such assignment.
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member lies within 5 keV of the 3 -, twice above and E2. The Z- level might decay by E1’s to the
it and once below. In other cases it is 25 keV 2+and/or &+ members of the ground band or by
below, 30 keV above and 76 keV above. The 53— intraband transitions to the $-, 2-, or £- mem-
member ranges in the five known cases from 130 bers below it. Possible trial level assignments
to 234 keV above the 3 —. The one known+— were tested by least-squares band fitting with a
member (in 1"’Lu) is 354 keV above the 3 - and rotational-band energy routine and the formula
o _ L o
272 k;eV above. the £—. The characteristic decay E=E,+AI(I +1)+BI*(I+1)?+CI3(I +1)®
of a 37— level in our case should be decay by £1
¥ rays to the ground and/or first excited states, + (=) U +K)! [Asx + By I(1+1)], (1)
since it is known that the interband E1 transitions (1 -K)
of these bands are competitive with intraband M1 The only possibility consistent with our data is
3.0
2.8F # 1
3l
29
2.6
2.4 29 - :
27 27
2.2} - 29 i
27 —
20k 25
1.8 3 7 :
23 23 I .
el :3;; & 25— ]
— 234 ——
> |
@ 2 S—— 1
Z 14} ER g .
> 8| 21 - ’ ———-——
E’ —_
@ 1L2p9TT e al g 2 —
w p ~ -
7 | 19
1.O} 7 N n g = Other levels
08¢+ y ¥ 4 o7 E
15 15 g @ 7
13 - 15 -
0.6} gl & IR g 5—— ]
) FEEIRER Al e 9
AR RS . 1 13 5
0.4+ !, 3 8 g g ! z 7 ™ g+l
9 \ 3 E
0.2} g—_“" 4
or ?—g-_:—[zm] 7

FIG. 5. Complete summary schematic of all levels observed in %Tm by radioactivity and in-beam 7y spectroscopy.
Spins are labeled by the integer that is twice the spin value. The only transition lines indicated are for transitions ob-
served in our in-beam work. The higher levels seen by the Grenoble group (Ref. 10) with their spectra of better sta-
tistics are also included on the diagram. As in Fig. 4 the energies are differences of adopted level energy values, not
experimental energies themselves. Asterisks indicate unresolved doublet assignments. The three slanted-line transi-
tions not terminating on a level line go between the 3+ and - bands. There was not space to enter exact level energies,
but they may be read from Fig. 4 or from Table IV.
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TABLE IV, Level energies in 1$5Tm,
Eeyp (keV) E e (keV) E oxp (keV) E ¢ (keV)
Grenoble Six-parameter Grenoble Six-parameter
Spin This work (Ref. 10) power series 2 Spin This work  (Ref. 10) power series 2
1+1411] band .
1 0 0 —0.17 u 867.3 868.0 866.59
; 11.8 11.9 12.11 212*-: 1073.5 1074.5 1073.25
3 129.9 130.2 129.80 :—3 1310.3 1311.0 1312.01
1 159.1 159.2 159.54 ;2; 1552.5 1552.5 1553.34
3 362.4 367.0b 362.92 :—7 1829.4 1830.2 1829.98
u 414.1 414.2 413.62 ? 20995 2099.2 2099.03
$ 689.7 703.4° 689.87 7 2411.4 2365.18
i 769.2 769.5 769.70 h 2698.2 2690.94
g 1103.7 1128.2" 1104.13 3~ [541] band
o 1216.8 1216.9 1229.40 3 156.55
4 1630.1P 1609.58 i 275.0 276,11
8 1746.1° 1746.2 1809.57 3 182.2 182.2 180.99
& 2184.7° 2230.78 3 451.1 450.44
¥ 2333 2553.79 3 293.7 293.9 294,30
u 690.77
14+(404] band i 4917.8 498.4 499.37
ki 80.9 81.1 81.09 E 986.74
2 211.3 - 211.3 211.29 ;2; 796.3 796.9 797.06
u 366.9 366.9 366.88 T: 1325.78
" 546.1 546.1 546.28 2123- 1186.0°¢ 1186.6 1185.79
i 747.4 747.2 747.04 2'2; ) 1692.59
12_7 065.4 969.0 968.97 22—7 1661.0 1661.3 1660.91
2 1207.7 1207.0 1207.07 22‘9 ) 2068.46
Y 1468.5 1467.6 1467.60 32‘1 2212.9 2213.2 2213.98
2 1737.0¢  1736.3 1736.29 i 2430.43
¥ 2030.3¢  2029.4 2038.16 T 2832.5 2831.86
g 2335.1 2334.17 2+[402] band
a 2660 2690.83 3 315.8
1-1523] band 3 420.1
i 161.2 161.4 159.51 3 552.2
2 253.2 253.4 254,49 “Low-K band” (3+[411])
u 369.8 370.2 371.99 3 491.2
L 511.8 512.7 513.19 3 609.5
b 676.2 676.9 676.61 : 725.1
3 Six-parameter energy expansion least-squares fit up y-ray assignments from the original Grenoble paper
through underlined level. See Table VI for band param- (Ref. 10).
eters used. ¢ One or more transition energies from Grenoble work

b These differing energies result from our different (Ref. 10) used to calculate level energy.
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the assignment shown in our level schemes and
Table IV, namely, the - level at 275.0 keV and
the L+ - at 451.1 keV. Admittedly, the evidence
for these assignments is rather weak, and critical
reexamination would be desirable in any future
studies. Our decoupling parameter a(=A,/A) =
+2.94 is close to that of +2.91+0.15 in nearby
1610, although the decoupling parameter is gen-
erally higher in the four known Lu cases, ranging
between +3.8 and +4.6.

We are handicapped in making spin and parity
assignments to the many weakly populated “other
levels” above the assigned bands; for there are
neither conversion coefficients nor angular dis-
tributions for a guide. Furthermore, given the
short half-life and weak population, such data
will be difficult to obtain. Paris” and Tamura®
were able to obtain conversion-electron spectra
only for the lower-energy transitions, though
Adam et al.'! were able to augment the multi-
polarity assignments. Our decay scheme is con-
sistent with the multipolarity assignments of Refs,
7, 8, and 11, although we propose attributing
M2 admixture to the 80.1-keV E1. By our level
scheme the 118.1-keV transition could have E2
admixture, but it is expected to be mainly M1 by
analogy with ¥"Tm and °Tm, where the analo-
gous transitions are reportedly 0.8% E2 and 2%
E2, respectively. The logft values of the higher
levels are in a range consistent with B~ decay spin
changes of 0, +1 either with or without parity
change. Hence, we may only say for levels that
receive direct 8 decay that the spin is 3, 3, or
+ . Logft values for the less populated lower
levels may often be just lower limits, as un-
assigned feeder y rays might account for some
population. It is unreasonable that feeding by R
decay be seen to the Z- levels, since that would
be second forbidden. It is possible to have a$+
assignment if the logft value is near 8, typical
of Gamow-Teller unique first forbidden.

We have noted three levels (491.2, 609.5, and
725.8) as a “low K” band because these levels
decay to the K =3+ and K =3~ bands, predom-
inantly to the former. If we are to choose a
sequence of spin values for the “low K” band,
consistent with transition multipolarities no
higher than quadrupole, the sequence 3, 3, L
shown on the level scheme is most likely. At
this point it is appropriate to look to theoretically
predicted band-head energies for guidance. Solo-
viev and Fedotov have recently made extensive
calculations of band energies and wave functions
for odd-mass rare-earth nuclei.?® These so-
phisticated calculations with nucleon wave func-
tions in a deformed Woods-Saxon potential include
quasiparticle-phonon mixing, with quadrupole and

|

octupole phonons, as well as explicit considera-
tion of three quasiparticle states. In our Table V
we compare our present experimental values
with their theoretical results. Soloviev and Fe-
dotov predict a 3+ state at 660 keV in ***Tm. In
their Table 12 for *Tm, the i+ state is pre-
dicted at 670 keV, with an experimental value

of 471 keV listed. In their Table 13 for ™ Tm,
the 3+ state is predicted at 680 keV and experi-
mentally known at 676 keV.

Diamond, Elbek, and Stephens® first Coulomb-
excited in '*®Tm a 2+ band with levels at 570,

633, and 718 keV. They also observed levels
near 900 keV and near 1170 keV. Subsequent
Coulomb-excitation studies have confirmed these
results. Aleksandrov, Balalaev, Dzhelepov, and
Ter-Nersesyants?® more precisely measured the
$+[411] band in **Tm with first four level en-
ergies of 571, 633, 718, and 825 keV, very
weakly populated in decay of '%9Yb, They proposed
a regular ascending spin sequence 3, 3, %, %.

The systematic Coulomb excitation of bands
differing in K by two units from the ground-band
K stimulated theoretical calculations of y vibra-
tional phonon character in odd-A nuclei. Theo-
retical studies of both Bes and Cho?* and Soloviev
and Vogel®® show a fair amount of mixing of 3+[411]
one-quasiparticle band and the band composed of y
phonon plus 3+[411] quasiproton. In ***Tm Bes and

TABLE V. Experimental band-head energies of ¥°Tm
and "Tm compared with theory.

Energy (keV)
167y 165y
This Theory Main components from theory

Km (Ref. 19) experiment (Ref, 21) (Ref. 21)

-;+ 0 0 411+ 96%

-21-— 293 161 300 5231 94%

- 550 5141 94%

E7+ 180 81 630 404 + 96%

3 471 (491) 660 4114 84%

3 ’ 316 990 411+ +Q(22) 49% 402 t 42%

1010 523t +Q,(22) 96%
1060 523t +Q,(22) 100%
411+ +Q(22) 94%

= ool
!

(1100-~1251) 1100

+

(1581) 1100 4114 +Q,(22) 46% 402 t 44%

s 09ha 021 0oken 00 ko o9
¥

+ (1230) 1250 4111 +Q,(22) 98%
+ 1320 41114 +Q,(22) 100%
- 172 1822 1340 541+ 89%

—  (1527) (1251) 1400 532t 75%

™les tofen oo
+

1470 404 4 + Q,(22) 86%
1960  p523t 7642t 523+

~IS
+

2 Energy is for §— spin member of band in "®*Tm, since J— spin is
unknown, but presumably near.
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Cho predicted the 3+ band head at 718 keV and
3+ at 1211 keV. Soloviev and Vogel predict 3+
band heads at 620 and 1200 (compared to experi-
mental 570 and ~1170) and 2+ band at 900, 950,
and 1350,

In view of the experimental and theoretical evi-
dence on the systematic occurrence of the 5+[411]
band in odd-A thulium isotopes, we make this
assignment to our “low K” band. Our assignment
of spins is somewhat speculative. At first we
thought to include the level at 592.2 keV in the
band, giving anomalous spacing, but we decided
to exclude it on the basis of its higher logft and the
preferability of a regularly spaced band.

The 3+ and 3+ bands predicted around 1100 keV
have predominant parentage of ground band plus
y vibrational phonon. Thus, we might expect
enhanced E2 decay from these bands to the ground
band. The following levels in our scheme have
energies and show decay patterns that might
suggest their association with these predicted

‘bands: 1100.5, 1129.1, 1251. There is no good
basis to make more definite assignments.

The 1250.9 and 1325.8 levels stand out in that
they receive more B feed than their neighbors
and they decay mainly into the & —[523] band. We
suggest these levels may be, respectively, the
$- andZ —members of the 3-[532] band predicted
at 1400 keV.

Finally, there is the rather amazing level at
1582 keV that decays to nearly all lower levels
with spins 2, %, or £, regardless of K or parity.
That behavior would suggest a mixed-K character.
The spin assignment of = is favored by the decay
pattern and by the fact that the logft value to the
level is relatively low but with no comparably
populated level higher. We favor a negative-
parity assignment, since the allowed B- decay
classification better permits a rather mixed
character for the state. Soloviev and Fedotov
do not predict a second &~ band in their table,
but they have not gone above 1470 keV for the
general calculations, and they have not considered
quadrupole phonons of K =0 (g or pairing vibra-
tions). It is known?® that neighboring *“Er has its
first excited 0+ state at 1245 keV and a 1-, K=0
state at 1386 keV. It may well be that our 1582~
keV level mainly is composed of these phonon
states, coupled respectively to the +-[523] and
% +[404] quasiproton components.

Referring to Table V, can we make any more
assignments of higher levels with the aid of the
theory? We have searched for the £— band pre-
dicted around 550 keV but see no evidence for it.
B decay to this band would be second forbidden,
so it could only be seen if fed by y transitions
from higher levels. From the same considera-

tions we would not expect to see the predicted
4l - state.

Before leaving the comparison with Soloviev-
Fedotov theory, we would note the large dis-
agreement in the position of the 1~ band, both in
185Tm and **’Tm. The $-[541] band shifts energy
rapidly as neutron number is changed in Lu iso-
topes. Since the 3- orbital comes from a higher
oscillator shell, its relative energy is quite sensi-
tive to deformation and to spin-orbit splitting.
Thus, slight modifications of the deformed well
parameters could bring the 3-[541] orbital down,
so the disagreement with theory is not serious.

It may be, however, that the orbital energy shifts
among the Tm isotopes are not explainable in the
framework of an average potential model and that
Hartree-Bogoliubov theory will be needed to ex-
plain the shifts.

B. Rotational Energy Parameters

We have applied the usual power series ex-
pansion Eq. (1) to fit the rotational band energies
by least squares, and one of these fits is pre-
sented in Table IV for each band. The fits of
Table IV were made to the Grenoble energies,*°
except for the K =3+ and K =3~ bands, where
substantial shifts or new levels are proposed in
our work. The fits presented use the full six-
parameter expansion, fitting on levels up to the
underlined value. It is readily seen that the pre-
dictions diverge from experiment at the next
level above the last fitted level. Thus, the series
expansions are not very satisfactory for any of
the bands at highest-spin values. It is necessary
to be cautious in cross-comparing rotational ex-
pansion coefficients with those determined by
least squares in other nuclei, since the para-
meters depend both on how many terms were
taken in the expansion and how many levels were
fit. Table VI gives the parameter values for the
particular fits given in Table IV. These points
of caution are well brought out in the discussion
and more sophisticated analyses by Hjorth and
Ryde*” and by Hjorth, Ryde, and Skanberg.?® The
signs and magnitudes of these parameters are in

TABLE VI. Parameters of the energy formula of
bands in 65Tm.

Parameters 3l411] 11541} 31523 3 [404]

A (keV) 14.02 10.19 10.20 15.17

B (eV) -14.69 -3.94 9.78  -18.19

C (eVx107%) 55 -3.25 -35.7 30.04
Az -9.98 keV 30.03 keV 603 peV 164 peV
By, 42.3 eV -127.9 eV ~3.0 peV  —0.35 peV
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accord with data on these same bands in other nu-
clei. It would take too much space here to make
a detailed éross-comparison with other nuclei or
with theory. In an earlier publication® we dis-
cussed the significance of some of the parameters
in light of theoretical work of Hamamoto and Uda-

gawa.®* The same remarks apply here as to differ-

ences between parameters of the - and Z+ bands.
We have gone one step further in the rotational-

band analysis by applying the two-band-Coriolis-
mixing expressions of Eqs. (1) and (2) in Ref. 31.
Table VII shows results of two-band least-squares
fits to the Z+[404] and £+[402] bands. In this
treatment, as presented in detail in Ref. 31, an-
alytical energy expressions are derived for
Coriolis mixing of two bands with zeroth-order
energies given by power series expansions in
I(I+1). For Table VII we have allowed the full
six-parameter variation to fit the lowest 10 levels
of the -+ band and the lowest 3 levels of the 2+
band. The parameters found by the search are

as follows: a=#%#2/2J =14.76 keV, B (softness
parameter) =9.05x107%, a,, (generalized de-
coupling parameter) = - 3.26 Xx10™ keV, {j+ (in-
trinsic Coriolis matrix element) =0.626, band-

TABLE VII. Two-band Coriolis-mixing fit and pre-
dictions for -21+ and 2+ bands.

AE (calc-exp)

Spin E(calc)
3 82.52 1.62
3 211.25 -0.05
o 365.80 -1.10
g 544.90 -1.21
2 746.08 -1.31
u 969.27 0.87
9 1208.68 0.98
4 1469.54 1.04
a 1736.80 -0.20
4 2029.67 ~0.63
4 2312.80
g 2627.52
i 2936.26
3 316.02 0.22
3 419.70 -0.40
- 552,31 0.17
u 707.81
g 896.48
i 1090,91

head difference (zeroth order)=246.4 keV, band-
head sum (zeroth order)=311.8 keV.,

The rather small value of Coriolis matrix
element is reasonable, since the operator is
not allowed by asymptotic quantum number selec-
tion rules between the two bands. The rather
small decoupling parameter reflects the fact that
the $+{402] band has small Coriolis coupling to
K =4 bands and perhaps partially cancelling con-
tributions from the coupling.

With all the work that has gone into the nuclear
properties of %°Tm we do not regard the story
as completed. Despite the awkwardly short half-
life of 10.5 min, new conversion-electron data
must be obtained to facilitate multipolarity and
spin assignments. -y angular correlation work
would be helpful though difficult to obtain. The
v spectra and coincidence studies ought to be re-
peated at highest resolution with isotopically
separated sources. Proton-stripping studies on
erbium targets into !®*Tm and neighboring Tm
isotopes would be most welcome,

The bands here identified (lowest 3+, 3+, 3+,
and 4 +) should facilitate Coriolis band-mixing
studies of the low-j orbital family. Generally,
such studies have been confined to high-j orbitals.

We hope that the work presented here can be a
stimulus to further experimental and theoretical
work in this region.
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