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The nucleus'®®Ho was studied with thermal and average resonance neutron capture andlpithaqd
(d,3He) reactions. We have devoted a large effort to the measurementsadincidence spectra in the broad
energy interval 50-6243 keV. From these data and those of previous studies, the level scheme has been
developed containing levels grouped into 23 rotational bands below 1 MeV. Of these, six bands are new and
several others, known previously, have been modified and expanded based upon our experimental data. In all,
32 new levels have been identified. Of particular note has been the identification of two rotational bands whose
underlying structure consists gfvibrational states built upon the two lowest energy quasiparticle states in
1680, Two new Gallagher-Moszkowski matrix elements were determifiegi(p7/2 [523] = n5/27[523)])
=—108.5 keV andEgy{(p7/2 [523]£n7/2"[633]) = Q,,} = +138.2 keV. The resultant level scheme is in
good agreement with semiempirical and quasiparticle phonon models where residual interactions have been
taken into account. Suggestions are given for further experimentatidfi®%o level structure using existing
technology.

PACS numbeps): 21.10-k, 23.20.Lv, 25.40.Hs, 27.78q

I. INTRODUCTION ture in the deformed nuclei of the rare-earth regji8h By
assuming appropriate forms for the proton-neutron interac-
Doubly odd, deformed nuclei offer the unique possibility tion, one can also calculate values for these matrix elements,
to obtain information on the proton-neutron interaction atEgy andEy [4]. Comprehensive studies have been made of
low excitation energies. Two manifestations of this interac-the parameters that describe the force between unpaired, un-
tion can be observed in the level structure of these nucleijke nucleons in odd-odd deformed nuclei with the goal of
namely the Gallagher-MoszkowsiBM) energy splitting of  optimizing the fit for the matrix elements between theory and
spin doubletK=|Q,*+Q,|, whereK and() are projections experiment[4—6]. Qualitatively, one can say that we have
of quantum numbers of the total spin and of the odd-patrticlenot reached a stage where the theoretical treatments of this
spin, respectively, and the odd-even energy shifts in the levproblem produce predictive results that can be considered
els of K=0 rotational band$Newby shiftg [1,2]. Over the reliable[7]. Thus, it is still important to experimentally de-
past several decades, a considerable body of experiment&rminen-p interaction matrix elements by identifying new
data has been accumulated, especially concerning level strupairs of GM bands, making these identifications as accu-
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rately as possible in order to produce a reliable body of datal%®Hp |evels were studied with thed(p) and (d,°He) reac-
Experimental studies need to focus on questions of configwions at the Tandem Accelerator of the University and Tech-
ration mixing, both that which occurs among single-particlenical University of Munich, Germany, with two times better
states and that which occurs between these states and vibigsolution than in previousd(p) measurementgl 1].
tional excitations. Most of the configurations assigned to As a result of the present measurements, new insights into
states in odd-odd nuclei have been of two-quasiparticle nahe band structure of®*Ho have been obtained. We find
ture. A few y-vibrational states have been observed., in  agreement with an appreciable fraction of the previous mea-
7% u and '#Re) with limited confidence. A comprehensive surements, but we also differ significantly on the placement
review of all aspects of the nuclear structure of odd-odd nuof certain rotational bands and the existence of new levels in
clei in the rare-earth region (144A<194) has been pub- the decay scheme.
lished recently8].

Excitations of the'®®Ho nucleus have been studied previ-
ously in a series of measurements involving thermal neutron- Il. EXPERIMENTS AND RESULTS
capture reaction$9,10] and single-nucleon transfer reac-
tions, i.e., €.p) [11] and ¢, @) [12]. Additional studies have A. Averaged resonance neutron capturdARC) measurements
involved averaged-resonance neutron capitlig$, polarized Primary y rays following averaged resonance neutron
neutron capture in polarized targdts4], and conversion- capture(ARC) have been measured with a three-crystal pair
electron measurements following neutron capfaf. Some  spectrometef27,28 at the Brookhaven High-Flux Beam
data have been derived froftdecay measuremerits6,17.  Reactor. The target consisted of 60 g of 8. Measure-
Delayed radiation following the decay of a 185-m$ Bo-  ments were provided with a neutron beam of 2 keV average
mer of ®Ho at 190.90 keV, which was produced by the €nergy that was produced by transmission through a scan-
16%Ho(d,p) reaction, has been studi¢dl8]. The results of dium filter. Typical y-ray energy resolution was FWHM
these studies are summarized in previous pub“caﬁﬁﬁﬁl =5.5keV at 6.5 MeV. Although it was usual to calibrate the
For example, the Nuclear Data Sheets compilation lists 1#Pectrometer with capture lines from a chlorine standard, ex-
rotational bands with assigned configurationsiHo. Dur- perimental circumstances did not allow the calibration to be
ing the past decade or so, several papers have appeared"ﬂ@de this way. Instead, the pattern of capture lines to a small
which the known experimental data for level structure innumber of well-established low- lying levels it**Ho was
1680 have been subjected to further analysis,20—22. identified in they spectrum and this match, along with the
This has resulted in both revised and new configuration aseXperimentally known neutron binding energy, 6243.69
signments, some of which are conflicting and need resolu=* 0.11 keV[29], allowed calibration of the primary rays.
tion. The present paper is the first comprehensive report ofhe energies and relative intensities of the observed transi-
new experimenta| measurements of #¥8Ho level scheme tions are listed in Table I. All levels from the table are con-
since those of Kennett, Islam, and Prestwich, published igistent with those reported by Bollinger and Thonas]
1984[10]. Preliminary reports of some of the data presentedvho measuredy rays emitted by an internal Ho target sur-
in the present paper appeared in R¢1&,23-25. Also, the ~ rounded by a boron absorber in the Argonne National Labo-
quasiparticle-phonon model calculations*8fHo, described ratory CP—5 reactor. The boron absorber caused the target
in Sec. V of this paper, were published in preliminary formto see a B neutron spectrum. A large fraction of the levels
in 1992[26]. listed in Table | correspond to levels also defined by second-

A significant part of the present experimental program ha@ry vy transitions that depopulate them. In a couple of in-
been coincidence measurementsyafiys from thermal neu- stances, we were unable to resolve multiplets in the spec-
tron capture over a broad energy interval, from 50 keV to thdrum, those centered at 598 and 660 keV. In a few cases,
neutron binding energy6243 ke\l. The yy-coincidence €vidence for an indicated level has not yet been identified in
spectra were measured in thermal neutron capture reactioti3e spectrum of secondary rays, e.g., for peaks at 781.6
at the NRC reactor, Salaspils, Latvit (=50-760 keV, at ~ and 947.1 keMeach energy is uncertain to abotil keV).
the NRI reactor, Bz Czech RepublicE,=100-6243 keV, Peaks at these energies have been identified in our ARC
and at the JINR reactor, Dubna, Ruséiao-step cascades sSpectrum and in that of Bollinger and Thomas.
for final levels 0-548 keY The coincidence data have en- The ARC data are analyzed further by plotting the results
abled us to make reliable placementsjofransitions in the  in the form of reducedy-ray intensities (,/E5) versus ex-
16640 decay scheme. Previously, all such placements reliegitation energy(Fig. 1). Since the ground state df*Ho has
upon the Ritz combination principle, a technique whose red "=7/2", sswave neutron capture, which is predominant in
liability was somewhat reduced in this case because th@ keV neutron interactions, will populatecapturg states
16840 neutron-capturey rays, having been measured in the with I7=3" or 4™. The energy width of the neutron beam is
1960s, were more uncertain than some of the more modersufficient (45%) that capture is spread over at least 100 cap-
data sets, especially among the higher energy transitionfure states. Thus, because of statistical averaging, the re-
The level scheme has also been studied via primangy  duced intensities of primary rays of a given multipolarity
measurements with averaged-resonance neutron capture aie found to be more or less equal. ThE v transitions that
the Brookhaven National Laborato(@NL) research reactor. dominate the ARC spectrum show greater intensity com-
In this instance, our new measurements corroborate those pfired to theM 1 transitions by a factor of approximately 6.
Bollinger and Thomag13] in virtually every detail. The In this experiment, we lack sufficient sensitivity to detgct

044305-2



NUCLEAR STRUCTURE OF*®Ho STUDIED IN . .. PHYSICAL REVIEW C61 044305

TABLE I. Primary vy rays from 2-keV ARC measurements and level energie¥3do derived therefrom.

Adopted values 2-keV ARC data Indicated spin
Ey (keV)? K E, (keV) Ey (keV)° I, (red® and/or parity
54.23887) 2 6189.84) 53.94) 17(2) m=—
171.072612) 3" 6072.95) 170.85) 23(3) T=—
180.468628) 4~ 6063.47) 180.37) 20(3) T=—
190.903820) 3* 6052.52) 191.22) 122(5) 3t 4%
260.665823) 4% 5983.41) 260.11) 112(6) 3+ 4%
263.789523) 5* 5979.91) 263.81) 45(6) 25"
329.7714) 5 5914.@5) 329.45) 24(4) T=—
348.261726) 5* 5895.32) 348.42) 75(5) 2t 5"
371.987825) 4% 5871.92) 371.81) 124(5) 3t 4%
416.0165) 2 5827.61) 416.10) 13(2) m=—
430.0404) 2+ 5813.52) 430.22) 72(4) 2+ 5"
431.24Q5) 5~
464.5586) 2+ 5779.34) 464.44) 63(6) 2+ 5"
470.843827) 5* 5772.81) 470.80) 66(8) 2+ 5"
475.7367) 3~ 5768.01) 475.70) 28(8) m=— or2"5"
481.8544) 3 5762.43) 481.63) 83(5) 2% 5% or 3" 4
522.0455) 3* 5721.92) 521.82) 1107) 3t .4*
543.6844) 2- 5700.01) 543.710) 18(5) ==
547.9345) 4" 5695.71) 548.000) 7U7) 2+ 5*
558.5794) 47 5685.716) 558.06) 96(13 3t 4"
562.8597) 4~ 5681.110) 562.610) 25(13) T=—
592.46@9) 3* 5651.22) 592.52) 1398) 3*4°
597.0274) 3"
598.5116) 47 5645.21) 598.50) 10610 3t 4%
605.1096) 2+ 5638.14) 605.64) 59(5) 2+t 5"
628.43%12) 2- 5615.31) 628.40) 12(8) T=—
634.3294) 5+ 5610.16) 633.66) 68(9) 2* 5"
638.2299) 2 5605.51) 638.20) 20(9) =
654.80211) 5* 5588.85) 654.95) 54(8) 2+ 5"
658.08610) 5- 658.115) m=—
662.23%7) 3* 5581.89) 661.99) 95(13) 3t 4"
668.0196) 4~ 5576.210) 667.510) 25(12) ==
671.75012) 47 5571.57) 672.27) 84(13) 2*,5% or 3" 4
683.8105) 3" 5562.49) 681.39) 26(4) T=—
693.7016) 5* 5550.43) 693.23) 78(5) 2t 5"
704.9479) 3" 5538.210) 705.510) 14(4) T=—
719.444) 47 5524.@3) 719.13) 99(7) 3t.4°
725.58612) 2" 725.815)¢ T=—
736.49%8) 47 5507.23) 736.53) 87(6) 2% 5" or 3" 4°
742.088) 4~ 5501.61) 742.10) 32(6) 2% 5" orm=—
757.58810) 5 5486.01) 757.60) 22(11) T=—
760.375%7) 3~ 5484.21) 759.50) 17(11) T=—
769.375%7) 5* 5473.83) 769.93) 72(6) 2t 5"
5462.110) 781.610) 13(5) T=—
5455.27) 788.57) 32(8) 2t 5% or m=—
792.982) 4~ 5450.71) 793.00) 30(9) m=— or 2" 5"
806.6818) 5* 5437.84) 805.94) 53(5) 2+ 5"
815.1339) 3* 5428.712) 814.92) 106(6) 3t 4"
824.582) 3" 5419.11) 824.60) 32(6) 2% 5" or m=—
832.2649) 5* 5411.87) 831.97) 67(12) 2" 5"
837.7348) 4~ 5406.7113) 837.413 29(12) m=— or 25"
860.552) 5383.48) 860.38) 36(5) 2t 5% or m=—
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TABLE I. (Continued).

Adopted values 2-keV ARC data Indicated spin
Ey (keV)? ™ E, (keV) Ey (keV)? ., (red® and/or parity
868.2115) 4~ 5374.25) 869.55) 59(6) 2t 5"
881.08919) 3" 5363.51) 880.21) 39(6) 2" 5" or m=—
885.3917) 5358.81) 884.90) 399 2" 5"
890.98812) 4% 5352.93) 890.13) 119(8) 3*.4°
905.6Q1) 2" 5338.53) 905.23) 83(6) 25"
925.513) 5+ 5318.54) 925.14) 71(6) 2t 5"
5296.85) 947.15) 51(6) 2+ 5"
961.2316) 3+ 5282.53) 961.23) 96(8) 3*.4"
978.5524) 5265.15) 978.65) 91(10 3*.4"
985.154) 5* 5258.86) 984.96) 63(10) 2t 5"

#The adopted energies and spin-parity assignments listed in columns 1 and 2 were taken from Table Il and
Nuclear Data Sheefd9].

by ,(red)=1,(reducedy1 y/(E?); units are arbitrary.

°An uncertainty of zero indicates that in the fitting procedure the level energy was fixed at the adopted value
in order to derive the best possible intensity.

dpeak not resolved in the present data; energy listed taken froni Ff.

rays of higher multipole order. Therefore, the 2 keV ARC limated neutron flux (X1 cn?) at the target was 810°
measurement is expected to populate most strongly statgscm 2s . The target material consisting of 0.9 g Ho metal
with 17=3" and 4, states with”=2" and 5" about a  (99% purity was contained in a thin polyethylene bag. The
factor of 2 less, and states witfi=(2—5)~ about a factor v coincidences were recorded using one x-ray Ge detector
of 6 below the most intense group. The experimental inten(lo CI'T?) in the energy range 20 to 465 keV and another one
sities are compared with a calculation based upon a Montef 78 cn? in the energy range 59 to 760 keV with the reso-

Carlo simulation of the averaging procdS9] in Fig. 1. lutions (FWHM) at 304.6 keV energy of 1.39 keV and of 2.2
keV, respectively. The prompt resolving time was about 23
B. The yy-coincidence measurements ns in a wide energy range of 20—1500 keV. The gates were

The yy-coincidence spectra from th&#Ho(n, y)%%Ho set on the x-ray detector. Two sections pf-coincidence

reaction were measured at the IRT reactor of the NucleafPectra gated on the 116 and 149 ke\fays are shown in

Research Center of the Latvian Academy of Sciences. The'9: 2. . o

thermal neutron beam from the tangential experimental chan- AN additionalyy-coincidence measurement has been car-

nel was transmitted through a 52 cm thick Si filter. The col-1éd out at the Nuclear Physics Institute i Czech Re-
public, using large Ge-detectors and a neutron guide facility

Gamma-ray energy (MeV) at the 15 MW light-water LVR-15 reactor. The target con-

52 5.4 5.6 5.8 6.0 6.2 sisted of 0.464 g H@D, (99.99% purity. The_ spectra were
. T T T T ; recorded in the range of 100-6243 keV with a 22% HpGe
i _ +§g\' o _ and a 12% Gg.i) detector. The energy resolutions at 1332
3 & 2 keV were 1.9 and 2.1 keV, respectively. More details about
120 |- + 2 B { g ¢t the experimental setup and t_he data acq_uis_ition system are
@ B + 88 } %} { m } given elsewher¢31]. One section ofyy- commdence spec-
= - 51 al | trum for the 239 keV gate is shown on Fig. 3. The results
> I8 ET e 0¥ @ obtained are listed as footnoted entries in Table Il that sum-
€ a0t g5 8 & ]85 te o marizes all of the assigned rotational bands'$Ho, their
. + 2 wf 3 * + EJ’{{' t component level energies, and thdransitions that depopu-
G g, 48 glls 13 g } late these levels.
~ =3 ,;+ 9 3 +°, . $+ ©
i 40 E & © :n‘-&"v“\’m':"‘_ — + . .
OWJ 84 ggg ’$+ 0 o _ C. Two-step cascades in thén,y) reaction
gg & Hg i I“; I? = f 8- % The coincidence technique with pulse-amplitude summa-
‘ gt 8'\* B+8 __*—ll_fm)_ }' tion of two-step cascades following thermal neutron capture
ot scl)o'\ = 4(')0 ' o is a source of information about high-energy and low-energy
Excitation energy (keV) y-ray coincidences. Measurements were performed at the

IBR-30 pulsed reactor in JINR, Dubna, Russia. Thermal neu-
FIG. 1. Reducedy-ray intensities from 2-keV averaged reso- tron capture was selected by the time-of-flight method. The
nance capturéARC) measurementéversus excitation energy 180 target mass was 4 g. Data acquisition took about 400

044305-4



NUCLEAR STRUCTURE OF®®Ho STUDIED IN . .. PHYSICAL REVIEW C61 044305

Counts
233.1
328.2

Gate = 149 keV

300

116.8
412.1

442.0
511.0

250

3382
487.5
543.6

200

LI I I T B A

LA )
\ ) ) Ad
Wy e { LR 4
i i i A
1an A I X ] i 1 | 1 1 I 1 " 1 1 L 1 1 1 L L 1 ! i L A

p ' 1 L A 10
650 850 1050 1250 1450 1650 1850

150

T [
o
[
n
=3
N
wn
o
304.6

Gate = 116 keV

500

149.3

400

T VY

2450

5110

300

2332
328.2
391.8

200

136.6

100

LINE St M S S S S N I L B B (Y

! " 1 A 1 ) 1 N I " 1 ' [ n 1 A 1 L 1 2 i : { 1 1 L 1 PR

L AL L 1 1 1 n
150 350 550 750 950 1150 1350 1550 Channel

FIG. 2. yy-coincidence spectra from gates on the 116 and 149 keV transitions.

h. The spectrometer consisted of a 15% efficient HPGe dezorresponding to all two-step gamma cascades between the
tector and a 10% efficient @a) detector with 3—4 keV compound state and certain low-lying levels. Events selected
energy resolution at 1332 keV. The time resolution wasn each peak on Fig. 4 represent the distribution for two-step
10-12 ns with a®Co source. To avoid the backscatteredcascades which de-excite the compound state via many in-
gamma quanta a 2.5 g/énthick lead filter was used. The termediate states to certain final levéfg. 5). The results of
experimental method and processing procedure have alreatlyeseyy-coincidence measurements are listed as footnoted
been describe[B2,33. The data processing included off-line entries in Table Il. The listed transitions are limited to those
construction of spectra of coincidence pulses after summawo-step cascades that finished at the following final levels
tion of their amplitudes. This spectruffig. 4 has peaks, (0, 54.3, 82.6, 171.1, 180.5, 191.7, 262.1, 329.9, 348.4,
372.1, 416.2, 430.1, 453.9, 476.1, 522.2, 548.1 )kekhe
— . spin difference between the initial and final level of detected
Gate 239 keV cascades i$J, —J¢|<2. Only E1, M1, andE2 transitions
1 were detected. Cascade intensities were normalized so that
the area of the experimental distribution in interval 520 keV
<E,=<(Ecascade 520 keV} was 100% for each level where
Ecascads E1+ E2=Bn—Efinar.-

1500 T — T T

300
]

1136
167.0

250

511

2€

200

5813.6

150

1E

1000 -

1k

~162.4

@
2 100
o~

50

T

F:

of

WLk
0 3250 3500 3750

i D. (d,p) and (d,3He) reaction measurements

COUNTS

=
385.0
475.1

314
85.0

iﬁw%ml g R o8 8 The reaction *%*Ho(d,p)**®*Ho was measured with the
¥ %MWMW\, siidsh] Q3D spectrograpli34] at the Tandem Accelerator of the
SRR University and Technical University of Munich. THE%Ho
- target had dimensions 0.5 mtd mm and thickness 40
wglen? on a 4 uglent thick carbon backing. Spectra were
measured at a deuteron energy of 17 MeV at angle® gf
FIG. 3. yy-coincidence spectrum from a gate on the 239 keV=15°, 30°, and 45° up to an excitation energy of 1.8 MeV.
transition. Altogether twelve overlapping spectra with an energy range

T T T T T T A T T T
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TABLE II. Rotational bands of:®Ho and their depopulating rays.

I Eiel(AE) E,(AE) 1,(Al) Mult. E; ™
0~ (7/27[523)—7/2'[633]) AZ
0" 0
2- 54.23887) 54.2392(75 2.503) E2+<20%M1 0.0 op
1- 82.470919) 82.470(2§ 0.979) M1(+E2) 0.0 op
28.2499) 0.0408) 54.23 z
3 171.072612) 116.835(10§ 15.915) M1+ <3%E2 54.23 A
88.603) 0.031) 82.47 T
4- 180.468629) 126.228(3§ 1.0610) E2(+M1) 54.23 z
(9.397 171.07 3
5- 329.7774) 158.702(9§ 0.06(1) 171.07 3
149.3073)° 4.2542) M1(+E2) 180.46 &
6~ 377.8084) 197.339(8§ 0.325) M1,E2 180.46 &
48.0315(7) 0.173) 329.77 5
7" 557.6905) 227.887) 0.0204) 329.77 5
179.882(4§4 0.15(5) M1(+E2) 377.80 6
77 (7127[523]+7/2"[633]) AZ
7" 5.971(12)
8~ 137.73113) 131.7595) 0.142) 5.97 7
9~ 286.9610) 280.9910) 0.031) 5.97 7
1~ (3/27[411]-1/27[521]) BY
1- 373.1586) 290.613)° 1.72) M1(+E2) 82.47 T
201.953) 0.051) 171.07 3
2- 416.0165) 333.62(2f 1.62) M1(+E2) 82.47 T
245.007(75 1.0410) M1(+E2) 171.07 3
(43.08y 373.15 T
3 475.7367) 420.7(6% 0.16(5f 54.23 z
304.60(2§*° 2.62) M1(+E2) 171.07 3
102.55(4) 0.0163) 373.15 T
(59.62) 416.01 z
4- 562.8597) 508.4(8} 0.28(8f 54.23 z
391.89(4%¢ 1.1311) 171.07 3
382.82) 0.051) 180.46 &
233.112(14§ 0.636) M1(+E2) 329.77 5
146.808(8Y 0.092) 416.01 2
87.19315) 0.041) 475.73 3
5~ 658.08610) 477.4(3f° 0.205) 180.46 4
328.24515)%¢ 0.737) 329.77 5
182.302(16} 0.1012) 475.73 3
6~ 788.61012) 458.74(22§ 0.09(3f 329.77 5
225.7229) 0.07014) 562.85 &
130.64116) 0.0142) 658.08 5
27 (3/2[411]+1/27[521]) BY
2- 638.2299) 467.3(3f 0.30(10) 171.07 3
265.12(5§ 0.184) 373.15 T
208.34(4§ 0.06510) 430.04 2+
173.47(125 0.0204) 464.55 2
116.197(13§ 0.06(1) 522.04 3
94.643(11§ 0.203) 543.68 z
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TABLE Il. (Continued.

| Ejel(AE) E,(AE) 1,(Al) Mult. E; K
3" 704.9479) 533.5(3f 0.6020) 171.07 3
288.60(7§ 0.122) 416.01 s
274.77(7§ 0.133) 430.04 2
229.00(79 0.052) 475.73 3
161.422) 0.0304) 543.68 z
107.713) 0.0308) 597.02 3
109.24112) 0.0306) 595.84 T
99.58416) 0.0205) 605.10 2
4- 792.982) 612.05) 0.306) 180.46 &
376.91(14§ 0.122) 416.01 z
317.28(3§ 0.224) 475.73 3
230.11(5Y 0.0306) 562.85 &
195.687(149 0.081) 597.02 3
154.713) 0.0255) 638.22 z
5~ {(7/27[523]+7/2°[633]) — Q.. AZg
5~ 431.2405) 425.343) 1.33) 5.97 7
167.450(5§ 0.959) E1l 263.78 5
6~ 529.8178) 524.23) 0.51) 5.97 7
266.03(5§ 0.283) 263.78 5
234.79(5§ 0.051) 295.08 6
150.268(8 0.11(2) 379.54 6
98.57216) 0.041) 431.24 5
7" 644.296) 506.83) 0.20(4) 137.73 8
213.046) 0.0142) 431.24 5
114.50(39 0.0102) 529.81 6
2 {(7/27[523]—7/2°[633]) + Q..+ AZg
2” 543.6844) 543.66(20§-° 2.4(6) 0.0 0
489.39(5° 2.0(6)f E2M1 54.23 z
363.1G30) 0.051) 180.46 &
170.584(15) 0.051) 373.15 T
113.644(4§ 0.152) 430.04 2
3" 597.0274) 542.86(20§° 3.59) 54.23 2
425.99(3§%¢ 0.24(79 171.07 3
416.47(5§ 0.80(16) 180.46 &
224.0115) 0.0102) 373.15 T
181.086(5 0.10(3f 416.01 z
166.983(5§ 0.172) 430.04 2
132.472(17) 0.0306) 464.55 2
121.48(3 0.0102) 475.73 3
115.167(4) 0.0941) 481.85 3
53.34347) 0.091) 543.68 z
4- 668.0196) 613.8(4f*° 0.72) 54.23 2
496.9(2f 0.31) 171.07 3
487.58(6° 1.302) M1(+E2) 180.46 &
338.20(4§ 0.152) 329.77 5
295.998) 0.041) 371.98 &
197.115) 0.0306) 470.84 5
192.33(2§ 0.071) 475.73 3
186.147(6§ 0.122) 481.85 3
124.35015) 0.0408) 543.68 z
120.363) 0.0142) 547.93 &
70.98810) 0.184) 597.02 3

044305-7



P. PROKOFJEV&t al.

TABLE Il. (Continued.

PHYSICAL REVIEW C 61 044305

I Eiel(AE) E,(AE) 1,(Al) Eq |
5- 757.58810) 577.0(3§¢ 0.7014) 180.46 4
386.33) 0.0488) 371.98 4
380.12) 0.052) 377.80 6
209.694) 0.0206) 547.93 4
160.632) 0.0408) 597.02 3
99.584(16Y 0.0205) 658.08 5
17 (1/2*[411]+1/27[521]) CY
1- 595.8415) 593.87) 0.08016) 0 0~
512.73) 0.80(16) 82.47 T
179.882(4§ 0.10(3Y 416.01 >
120.062) 0.0243) 475.73 3
2- 628.43%12) 457.37(7% 0.6(1) 171.07 3
437.33) 0.061) 190.90 3
255.37(3§ 0.092) 373.15 T
212.30(6Y 0.0408) 416.01 z
198.315) 0.0306) 430.04 2
152.713) 0.0255) 475.73 3
84.74214) 0.041) 543.68 z
3" 683.8105) 423.3918) 0.1603) 260.66 4
267.82(9§ 0.11(2) 416.01 z
253.78(3§ 0.122) 430.04 2
219.446) 0.0816) 464.55 2
201.95(3Y 0.051) 481.84 3
140.117(5§ 0.354) 543.68 z
135.8834) 0.102) 547.93 &
86.76%11) 0.102) 597.02 3
4- 742.088) 481.318) 0.8517) 260.66 4
412.1(2%4 0.40(12f 320.77 5
266.53(5§ 0.245) 475.73 3
198.31(5Y 0.031) 543.68 z
145.00(3§ 0.0204) 597.02 3
113.644(4Y 0.152) 628.43 e
0~ (1/2"[411]—1/27[521]) CY
(0~ 658.993) 285.81(8Y 0.062) 373.15 T)
2- 725.58612) 643.18) 0.4(1) 82.47 1T
554.3(4§4 0.45(14F 171.07 3
352.28(12§ 0.13026) 373.15 T
309.59(6§ 0.105) 416.01 z
182.044) 0.204) 543.68 z
97.25320) 0.015@3) 628.43 z
1- 774.51615) 401.31(10§ 0.11(3f 373.15 T
358.4(3f 0.051) 416.01 2
115.513) 0.0102) 658.99 0
90.72G15) 0.041) 683.81 3
4- 868.2715) 538.6(4f 0.206) 329.77 5
392.2(5f 0.11(3) 475.73 3
305.36(15§ 0.144) 562.85 &
3" 881.08919) 827.1(3¥ 0.196) 54.23 z
798.6(4F 0.268) 82.47 T
709.6(6° 0.144) 171.07 3
404.7(6¥ 0.052) 475.73 3
242.9G2) 0.173) 638.22 2
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NUCLEAR STRUCTURE OF*®Ho STUDIED IN . ..

TABLE Il. (Continued.

PHYSICAL REVIEW C61 044305

K Ejel(AE) E,(AE) I(Al) Mult. E; K
155.42(39 0.0255) 725.59 z

37(1/27[541] - 7/27[633])EZ or (1/27[411]+5/2 [512])CX
3 760.3757) 579.97) 0.53) 180.46 &
570.43) 0.204) 190.90 3
499.54) 0.10 260.66 4
430.31(18§ 0.133) 329.77 5
216.856) 0.0408) 543.68 z
163.352(7§ 0.51(5) 597.02 3
92.35513) 0.051) 668.01 &
4- 837.7348) 577.0(3¥ 0.7014) 260.66 &
169.712(5 0.24024) 668.01 &
5 935.04717) 174.774) 0.0204) 760.37 3
97.25320) 0.0153) 837.73 &

3% (7/27[523]-1/27[521]) AY
3t 190.903820) 136.662(2§ 27.527) E1+<0.3%M2 54.23 va
19.84G6) 1.095) (E1) 171.07 3
10.432) 0.0525) 180.47 &
4+ 260.665323) 89.599(13§ 0.101) 171.07 3
69.7604(149 2.828) M1+ <30%E2 190.90 3
5% 348.261726) 157.344(8Y 0.21 190.90 3
87.5946(169 1.2412) M1+ <30%E2 260.66 &
(18.49} 329.77 5
6" 453.7734) 193.107(6Y 0.192) 260.66 &
105.517(4§ 0.525) M1+ <30%E2 348.26 5
7t 577.2166) 313.48(6Y 0.126) 263.78 5
229.047) 0.051) 348.26 5
123.437(5Y 0.102) 453.77 6
4%+ (7/27[523]+1/27[521]) AY

4+ 371.987825) 181.086(5Y 1.2713 M1(+E2) 190.90 3
111.324(2§ 0.636) M1(+E2) 260.66 &
108.199(2§ 0.858) M1(+E2) 263.78 5
5% 470.843827) 279.7910) 0.031) 190.90 3
207.042) 0.04(1) 263.78 5
175.734) 0.031) 295.08 6
122.5774) 0.092) 348.26 5
98.857215) 0.5605) E2M1 371.98 &
91.28613) 0.072) 379.54 6
6" 588.1044) 216.1605) 0.021) 371.98 &
134.343) 0.021) 453.77 6
117.264(3Y 0.202) 470.84 5
7t 723.25618) 208.90(4Y 0.0306) 514.36 7
135.152) 0.04Q7) 588.10 6

5% (3/2"[411]+ 7/27[633])BZ+ (7/27[523]+ 3/2 [521]) AU
5+ 263.789%293) 257.812) 0.264) M2(+E1) 5.97 7
72.885915) 0.204) E2+M1 190.90 3
3.13 0.02° 260.66 Vig
6" 379.5494) 373.477) 0.457) 5.97 7
115.7593) 0.3405) 263.78 5
84.468(10) 0.133) 295.08 6
7t 514.3637) 250.499) 0.0712) 263.78 5
134.815%6) 0.061) 379.54 6
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TABLE Il. (Continued.

PHYSICAL REVIEW C 61 044305

K Eiel(AE) E,(AE) 1,(Al) Mult. Eq |
2% (7/27[523] - 3/27[521])AU + (3/2"[411]— 7/27[633]) BZ
2" 430.04@4) 239.140(119° 4.2(4) M1(+E2) 190.90 3
169.453) 0.0204) 260.66 &
3* 481.8544) 291.048) 0.122) 190.90 3
221.174(95%° 3.94) M1(+E2) 260.66 &
109.88718) 0.0205) 371.98 4
51.815%7) 0.233) 430.04 2
4+ 547.9345) 357.044) 0.296) 190.90 3
287.24(3§ 0.172) 260.66 &
199.71(8§ 0.808) M1(+E2) 348.26 5
175.982) 0.071) 371.98 &
66.103(7) 0.204) 481.85 3
5% 634.3294) 180.545(5§ 0.203) M1(+E2) 453.77 6
152.453) 0.0165) 481.85 3
86.35911) 0.103) 547.93 4
75.75316) 0.072) 558.57 4
46.2324) 0.0204) 588.10 6
6" 732.54914) 278.6910) 0.062) 453.77 6
155.423) 0.0255) 577.21 7
98.200(15§ 0.03010) 634.32 5
6% (7/27[523]+5/27[512]) AX
6" 295.0889) 289.120(15) 2.32) E1l 5.97 7
7t 423.65410) 285.818) 0.062) 137.73 3
159.893) 0.01Q1) 263.78 5
128.566(5§ 0.142) 295.08 6
1% (7/27[523]—5/27[512]) AX
1t 426.0905) 425.99(3%¢ 3.5(1.0f 0.0 0
371.75(3F 3.003) E1l 54.23 z
343.513) 0.398) 82.47 T
2+ 464.5586) 410.27(2§ 1.36(26) 54.23 z
293.428) 0.071) 171.07 3
273.647) 0.1603) 190.90 3
48.303(4] 0.0306) 416.01 z
38.493(6 0.031) M1(+E2) 426.09 1
3+ 522.04%5) 341.573) 0.286) 180.46 &
261.317) 0.041) 260.66 4
95.953(2 0.121) 426.09 1
57.517(8] 0.326) 464.55 2
4+ 598.5116) 427.0(2§9¢ 0.27(8Y 171.07 3
418.08(185° 0.206) 180.46 &
268.15(9F 0.072) 329.77 5
134.0G3) 0.0102) 464.55 2
76.466314) 0.343) 522.04 3
5+ 693.7016) 512.7(3f 0.09 180.46 &
171.673) 0.0306) 522.04 3
95.190(3¥ 0.254) 598.51 &
6" 807.07410) 113.3733) 0.122) 693.70 5
4* (7/27[523]+1/27[510]) AT
4* 558.5794) 367.5416) 0.07 190.90 3
297.90(3¥ 0.398) M1(+E2) 260.66 4
263.365) 0.122) 295.08 6
210.3006) 0.305) 348.26 5
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TABLE Il. (Continued.

PHYSICAL REVIEW C61 044305

" EeW(AE) E,(AE) I,(Al) Mult. E; "
186.582(6 0.283) 371.98 4
83.049(14) 0.054) 475.73 3
76.7258(14 0.193) 481.85 3
5* 654.80211) 463.93) 0.6(2) 190.90 3
394.5@q20) 0.102) 260.66 Vg
359.12) 0.082) 295.08 6
306.49(3§ 0.245) 348.26 5
282.808) 0.062) 371.98 4
201.083) 0.04Q8) 453.77 6
183.964) 0.05Q7) 470.84 5
96.26520) 0.0206) 558.57 4
6" 771.779) 442.17(8§ 0.25(7f 329.77 5
423.39(1859 0.163) 348.26 5
117.264(3§4 0.202) 654.80 5
3% (7/27[523]-1/27[510]) AT
3* 815.07210) 624.0(4f¢ 0.6(2) 190.90 3
554.3(3f9 0.15(5f 260.66 4
442 9(3)*° 0.4(1) 371.98 &
388.8(3¥ 0.08(3)f 426.09 1
385.0(2¥ 0.0408) 430.04 2
350.61(12§ 0.0712) 464.55 2
267.19(5§ 0.286) 547.93 4
256.60(2§ 0.264) M1(+E2) 558.57 g
222.634(75 0.222) 592.46 3
4* 890.98812) 236.31(8}¢ 0.031) 654.80 5
75.9858) 0.072) 815.07 3
5* 985.1%4) 313.48(6 0.126) 671.75 4
215.449) 0.0102) 769.54 5
170.093) 0.0306) 815.07 3
6" 1098.6121) (d,p) data; noy transitions identified
1% (7/27[523]—-5/27[523]) AV
1" 567.6546) 194.529(10j 0.132) 373.15 T
151.533(9§ 0.081) 416.01 2
141.599(7§ 0.131) 426.09 1
(137.512)) 0.0247) 430.04 2
103.11615) 0.05Q7) 464.55 2
2" 605.1096) 433.92(18§ 0.173) 171.07 3
231.957(149 0.245) 373.15 T
188.98(3¥ 0.0712) 416.01 A
179.032(6§ 0.254) 426.09 1
140.544(10) 0.0909) 464.55 2
129.353(7§ 0.082) 475.73 3
83.04914) 0.051) 522.04 3
3* 662.23%7) 607.17) 0.11(2) 54.23 A
472.25) 0.143) 190.90 3
246.07(2§ 0.204) 416.01 e
236.31(8Y 0.031) 426.09 1
232.286(95 0.06(3f 430.04 4
197.677(10§ 0.203) 464.55 2
118.492) 0.0306) 543.68 z
94.52911) 0.041) 567.65 1
57.191) 0.163) 605.10 2
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TABLE Il. (Continued.

PHYSICAL REVIEW C 61 044305

K Eie(AE) E,(AE) 1,(Al) Mult. E; ™
4+ 736.495%8) 564.8(3Y 0.204) 171.07 3
475.93) 0.153) 260.66 4
406.83(16§ 0.133) 329.77 5
260.75(2§ 0.162) 475.73 3
214.442(95 0.224) 522.04 3
137.994) 0.0071) 598.51 4
131.413) 0.0102) 605.10 2
74.26116) 0.093) 662.23 3
5+ 832.2649) 284.26(125 0.083) 547.93 4
233.79(5§ 0.122) 598.51 4
170.093) 0.0102) 662.23 3
95.767(3§ 0.0909) 736.49 Vig
6" 942.60%13) 206.15(29 0.05Q7) 736.49 4
110.32712) 0.0408) 832.26 5
61 (7/27[523]+5/27[523]) AV
6+ 722.0q15) 426.89(15§ 0.13(4Y 295.08 6
7+ 848.4921) 553.37(21§ 0.07(2y 295.08 6
3% (1/2'[411]-7/2t[633]) CZ
3" 592.46@9) 412.1(2§9 0.20(6Y 180.46 Vin
401.56(6%° 2.1(3) (M1E2) 190.90 3
331.88(3¥ 0.274) 260.66 4
162.452(10§ 0.061) 430.04 2
4+ 671.75012) 411.09(3§ 0.7525) 260.66 4
323.427) 0.122) 348.26 5
299.8817) 0.0306) 371.98 4
241.765) 0.051) 430.04 2
218.0G6) 0.0408) 453.77 6
189.895) 0.0102) 481.85 3
123.812) 0.0102) 547.93 Vi
113.172) 0.0204) 558.57 4
16.97 0.013 654.80 5
5° 769.54916) 509.0(2f 0.50(15) 260.66 4
(421.13(5¥° 0.28(8Y 348.26 5)
390.42) 0.184) 379.54 6
316.10(9Y 0.09018) 453.77 6
247.689) 0.031) 522.04 3
6" 884.05%14) 212.30(6Y 0.0408) 671.75 4
164.57@40) 0.020) 719.44 4
114.50(39 0.0102) 769.54 5
4" (1/2'[411]+7/2'[633]) CZ
4+ 719.444) 455.60(6§° 0.50(25f M1(+E2) 263.78 5
347.24(8¥ 0.204) 371.98 4
248.779) 0.061) 470.84 5
5+ 806.6819) 546.0(5F 0.0206) 260.66 4
433.9(9% 0.0155) 371.98 4
335.618) 0.6212) 470.84 5
324.747) 0.11(2) 481.85 3
6* 911.4G4) 191.96111) 0.132) 719.44 4
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TABLE Il. (Continued.

" Eieu(AE) E,(AE) I,(Al) Mult. E; "
2" (7/27[523]-3/27[521]) AU

2" 905.6@1) 733.94(21§° 0.0247) 171.07 3
714.7(2)° 0.268) 190.90 3
475.8(3F 0.153) 430.04 2
312.90(8Y 0.126) 592.46 3
145.2287) 0.14Q14) 760.37 3

3" 961.2316) 700.8(3f 0.062) 260.66 Vg
542.8(8F 0.00642) 416.01 2
534.9(4f 0.306) 426.09 1

4* 1030.4723) 858.0(5f° 0.041) 171.07 3
849.5(7F 0.0155) 180.46 4
839.9(7f 0.134) 190.90 3
770.5(4% 0.062) 260.66 4
701.1(5%¢ 0.0185) 320.77 5
600.8(7f¢ 0.0246) 430.04 2

5% (7/127[523]+3/27[521]) AU

5* 925.513) 661.0(6f 0.6(2) 263.78 5
206.15(2§ 0.05Q7) 719.44 Vg

6" 1038.4320) (d,p) data; noy transitions identified

#Transition not observed; placement suggested hycoincidence data.
o) , estimated by taking into account coincidence data.
‘Low-energyyy coincidence.

dDoublet.

®High-energyyy coincidence.

fy-transition intermediate between coincideny transitions.

IMultiply placed y transition.

of nearly 700 keV in each case were taken. The data reapproximately 5 keV FWHM was obtained. A representative

corded at different angles were normalized to the number o$pectrum taken & ,,=30° is shown in Fig. 6. The decom-

deuteron elastic-scattered events counted by a monitor detegosition of multiple peaks at 426 keV in thd,{) spectrum

tor mounted in the target chamber. An energy resolution ofS shown in Fig. 7. For the measurements a proportional
chamber with cathode strip read-out and a scintill485]

F were used to record the spectrum. For high resolution each
I§ o cathode strip is connected to its own preamplifier and ADC.
L8 The energy scale was calibrated with level energies from the
6500 L3 g - Nuclear Data Sheefd9]. The experimental relative intensi-
© % 2 ties in Table Ill are listed in arbitrary units.
— © pau ?
2 fip@s Y ¢
g . &S b E ‘
S L &R % &
c A T RNV ZSOE B, +E,=6051 keV
O 4500 od 1 o o
~ L ~ e R Q 2 E
n L ¥ T & | ‘
c C 3 g 8 EWSOE | \ |
> : 7
o < FlI i
O 2500} = \
L it .K-\{J
N E \Jﬂw ! ol M\W h ‘W&\WM‘MMW MMWWMMMﬁb({lﬂwwwmV{fx\\ ;}» %M
SO0y o v b e v e E ) i i e L ‘
2800 2900 3000 3100 S 000 20063000 3000 5000 5000
Channel Transition energy (keV)

FIG. 4. Spectrum of coincident pulses after their amplitude sum- FIG. 5. Spectrum ofy rays with the condition that the two-step
mation in the high-energy-low-energy coincidence measurementsgamma-ray cascades go to the level at 190.9 keV.

044305-13



P. PROKOFJEV&t al.

PHYSICAL REVIEW C 61 044305

TABLE lIl. Spectroscopy of'®®Ho via the @,p) reaction E=17 MeV).

Intensity 1, (rel)®

Intensity 1, (rel)®

J™?  Ejy (keV)?  Egp(keV)  15° 30° 45° J™2  Ejy (keV)?  Eggy(keV)  15° 30° 45°
7" 597112  6.2125 5.07  17.041) 6.18) 5+ 806.6819)
27 54.23887) 54.34) 2.4 3.37) 6" 807.325) 807.0116) 10.1(18) 10.412) 6.912
17 82470919 82411 1.24) 3" 815.07210) 814.8627) 213(5F 133(4F  99(5)
8~ 137.73113 138.0216) 8.4(11) 21.1(18 20.718) 6" 820.652) 819.0620) 19(4°  17(3)F  17(2)
37 171.072612) 171.4226) 3.2(8) 9.011) 5.28) 3~  824.55016) 824.64) 8.314)
4~ 180.468628) 180.6219 5.811) 12918 9.89 57 832.2649) 831.4423 3.99) 4611  5.911)
3" 190.903820) 190.878) 37311 26760 1264) 836.7" 837.93) 3.38) 3.009) 3.510)
4" 260.665823 260.67411) 152(6f 122(9F 80(7)° 7+  848.4921) 848.4616) 5.1(18 13.7118  7.7(9)
57 263.789%523 264.6327) 21(5°  39(6)  23(6) 6% 884.05514) 884.06) 3.6(8)
9 286.9610) 287.85)  7.4(28)  8.7(18 12.932 4% 890.98812) 890.6417) 1405 126100  82(3)
6" 295.0889 295.4211) 92(5) 1376) 69(4) 895.56)  12(3) 123)  10.518
57 329.7774) 329.8324) 3.4(100 9.218) 22.530 2" 905.6Q1) 904.6413) 36(3) 54(4) 23(1)
57 348.261726) 348.2810) 41(2) 58(4) 65(4) 6" 911.4G4) 911.4Q29) 6.211)  4.7(8)
4% 371.987825) 372.14) 5408) 4009) 2134 25" 925513) 925.2116) 46(4) 22(1)
6~  377.8084) 3t 961.2316) 961.2316) 26(2) 11.612)
378.9020)0  88(4) 1105) 77(3) 3%,47 979.54227) 978.5524) 32(2) 37(3) 20(2)
6"  379.5494) 5%  985.1415 985.7418) 46(3) 49(5) 38(2)
384.2316) 12(3) 18(4) 12.418) 3%,47 1004.825) 1003.86) 4.509) 1.88)
7" 423.65410) 42358200 120(7f' 144(7f  70(4Y' 2% 5' 1010.663) 1009.84) 3.99  6.310 3.89)
17 426.0905) 426.0420) 15(6)'  49(6) 35(4 4 10304723 1030.32) 16.114 14313 8.810)
2" 430.04@4)  430.55  29(4F  223) 15.6198 1038.43) 13.314) 19.418 12.311)
6" 453.774) 453.77100 19(5)° 36(3) 28(2) 2" 5" 1054.8322) 1055.44) 15.623) 9.9(10)
2"  464.5586) 464.5013) 56(5) 109(6) 54(3) 3 1087.875) 1088.67) 14.412) 2.37)
5% 470.843%27) 470.8825 111(7) 135(6) 72(3) 67 1097.436) 1098.67) 8.912) 8.2(10)
3™ 475.7367)  476.54) 12(2)° 3,5 1114.64R0) 1114.718) 4.511) 3.38)
3" 481.8544)  482.26) 4.6(14¥ 1131.G3) 1130.410) 3.3(10) 6.5(6)
7t 514.3637) 514.4215 54(3) 84(4) 48(3) 1137.7%14) 1138.410) 5.4(12) 8.4(13) 8.36)
3" 522.04%5)  522.14)  84(4) 13905 80(3) 1+ 1150 1148.611) 6.913) 7.512) 6.008)
6~ 529.8178) 529.0124) 10(2) 11(2) 11(2) 47 1161.304) 1161.111) 2.2(11) 1.965)
4% 547.9345) 547.965  83(4) 58(3) 38(2) 1168.411) 3.7413 8.7(2) 4.7(6)
4%  558.5794) 558.589) 114(4f  86(4)  62(3) 1174.96) 1174.G11) 2302) 262)  14.79)
4~  562.8597) 562.64)  16(4) 1190.095) 1190.114) 8.314 10.613) 4.95)
1" 567.6546) 567.9221) 7.413 122 10911 1202.0716) 1202.313) 12.418 15.618 10.%7)
7" 577.21€6)  576.94) 2.3(18f 7.513 6.29 1208.579) 1209.614) 14.7(18f 5.7(13)  2.505)
6" 588.1044) 588.138) 454) 62(6) 42(3) 1217.2131) 1216.614) 19.8(28F 8.012)  4.1(5)
3" 592.46Q9) 592.5218) 74(2) 58(1) 35(1) 1226.915) 5.7(9) 2.96)
4% 5985116) 598.3622) 64(3) 86(4) 64(3) 1240.668) 1240.415 293)  17.018)  8.409)
2" 605.1096) 604.8812 15(2) 192 15(2) 1244.21) 1245.116) 233) 10.118  7.29)
5% 634.3294) 634.9119) 45(3) 37(4) 22(2) 1263.86) 1264.918) 2.813  4.0(11)
7 644.296)  644.04) 112 143 7513 1271.42) 1271.217) 25(2) 352)  19.011)
57  654.80211) 655.1311) 744 73(5) 46(2) 1280.7118) 16(2) 292) 17.31))
3% 662.23%7)  662.55 @ 11(2 22(5) 15(2) 1289.2%12) 1290.918 17(2) 232 16.112
4% 67175012 671.3124) 12(1) 23(20 131) 1298.4111) 1297.119 17(2) 2020 15.512)
5%  693.7016) 694.0629 22(2) 302) 233) 47 1304.7614) 1303.719 5.59) 7.313  7.511)
47 719.444) 1327.5G22) 1326.921) 5.518  6.310
7T 723.25618) 722.9518) 16(3) 222) 10312 1334.521) 112 18(4) 15(2)
2 725.58612) 1341.72) 192 20(2) 13(2)
4% 736.49%8) 737.2118 20(2) 28(2) 20(1) 1349.877) 1350.222) 23(2) 283) 13.912)
5% 769.54916) 1358.822)  30(2) 393) 292)
769.7210  21(2) 32(2) 18(1) 1367.2617) 1367.123) 49(3) 61(4) 45(2)
6+  771.7718) 1376.769) 1376.624) 17(2) 21(2) 17(2)
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TABLE lll. (Continued.

Intensity 1, (rel)® Intensity 1, (rel)®
37 Eg (keV)®  Eep(keV)  15° 30° 45° J7% Eg (keV)?  Egp(keV)  15° 30° 45°
1382.624) 9.312) 1601(4) 8(2)
1387.7Q7) 1388.425) 10.411) 1603.82) 16054) 5(2)
1396.728) 1397.225  103) 124)  3.07) 1616.03) 16154) 8(1)
7t 14173) 14173) 222) 353  17.69) 16234) 1001)
14263) 75(4) 92(5) 38.513) 1635.51) 16364) 9(1)
14323) 56(4) 45(4) 24.312) 1644.42) 16434) 6(1)
14392) 144Q13) 24(2) 33(3) 15.009) 1655.36) 16544) 8(1)
14453) 4.1(14) 8(3) 3.87) 1676.61) 16774) 11(2) 5(1)
1458.85) 14583) 4.1(13) 6.0(18 3.96) 1687.35) 16864) 12(3) 4(1)
1463.92) 14653) 8.7(18) 5.2(6) 7" 16924) 16924) 89(6) 38(2)
1471.74) 14713) 8718  3.56) 16874) 1303) 12(1)
1487.11) 14873) 5.8(13 4.8(6) 17024) 11(3) 5(1)
1498.14) 14993) 1720 7.36) 1716.62) 17174) 273 184)  10(1)
15083) 15(2) 8.6(11) 1723.86) 17235) 20(2) 12(3) 8(1)
15133) 70(4) 31(2) 1731.11) 1731(5) 44(3) 32(4) 20(1)
1526.82) 15283) 24(3) 12.011) 17455) 47(3) 33(5) 27(2)
1532.11) 15333) 22(3) 14(2) 1752.43) 17535) 2530 17(2) 16(1)
1537.61) 153713) 29(3) 10(2) 17595) 18(3) 2130 14(10
1547.52) 15473) 2.512) 2.39) 17655) 85(40) 71(4) 54(20)
1558.92) 15593) 15(2) 10(1) 17795) 47(40) 40(6) 22(3)
1570.711) 15694) 4.6(12 4.7(7) 17845) 53(6) 38(6) 21(3)
1576.91) 15774) 132) 10 17885) 477)  36(7) 3503
1592.42) 15934) 4.0011) 3.808)

®Energy levels from Table Il and Nuclear Data Shdés.

The experimental relative intensities have been normalized so that the total, summed over the three angles, for the spin 3 to 7 members of
the strongly populate ™=3* band at 190 keV is equal to the corresponding sum of cross seciiopd/sr) for a 60% component of the

p7/2 [523]—nl1/27[521] two-quasiparticle state. The value of 60% is used because the QPM predicts there is p7609523]
—n1/27[521] component in this band. Table X shows that this choice of normalization also causes the summed spin 4 to 6 intensity of the
K™=4" band at 372 keV to be essentially equal to 70% of that expected for gp@i@e[ 523]+ n1/2 [521] configuration, compared with

a QPM prediction of 70% for this component.

‘The peak at 265 keV is not well resolved from the large peak at 261 keV.

9The peak at 426 keV is not well resolved from the large peak at 424 keV.

€Intensity questionable.

"The peak at 563 keV is not well resolved from the large peak at 559 keV.

9The peak at 819 keV is not well resolved from the large peak at 815 keV.

Pldentification questionable.

The reaction**’Er(d,®He)***Ho was also measured in angles were not obtained experimentally, and the results for
Munich with the equipment described above. The Er targeeach angle are normalized separately as explained in a foot-
was enriched to 95.6%°Er. It had dimensions 1 mm4  note to Table IV.

mm and thickness 4@.g/cn? on a 4 ug/cn? thick carbon
backing. Spectra were measured at a deuteron energy of 2
MeV at angles 0f®,,,=30°, 40°, and 50° up to an excita-
tion energy of 1.2 MeV. Four spectra with an energy resolu- The experimental d,p) and (d,%He) cross sections are
tion of approximately 9 keV FWHM were recorded. A rep- compared with values calculated using Nilsson model wave
resentative spectrum taken @{,,=50° is shown in Fig. 8. functions and standard reaction theory. The formalism has
The energy scale was calibrated with level energies from thbeen described in several review artidlidg] and the method
Nuclear Data Sheetl9]. Relative intensities are listed in has been widely used for studies of heavy odd-odd deformed
arbitrary units in Table IV. Due to difficulties with the moni- nuclides[8,37,38. The cross section for transfer of a single
tor counter described above, relative intensities at differenbucleon, starting from the ground state of an odd-mass target

ITI. CALCULATED (d,p) AND (d,*He) CROSS SECTIONS
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185Ho (d,p)'%¢Ho sr2 numbers: 167Er (d, *He)!%Ho 264 numbers:
800 angle=30 ° excitation energy in keV | go- angle=50° excitation energy inkeV |
" deuteron energy=17 MeV @ deuteron energy=27 MeV
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FIG. 6. A portion of the proton spectrum from the  FIG. 8. A portion of the spectrum from th¥’Er(d,*He)***Ho

16%0(d, p)1**Ho reaction with 17 MeV deuterons @t=30°. reaction with 27 MeV deuterons & =50°.
nucleus withl ;,K, and leading to a rotational band member parameters were obtained from global fits to deuteron and
of spinl¢,K; in an odd-odd deformed nucleus is proton scattering data. The deuteron parameters used were
. from set B of Perey and Perdy0], and those for protons
do ) were from Becchetti and Greenlelekl]. Actual values used
d_Q:N % EI ai(CJI)iPi<'0KOJAK|lfo> for the parameters are listed in Table Mhe symbols are
defined in Ref[41].) Calculations for the'*’Er(d,*He)'*®*Ho
do reactions were made with parameters established by Lu and
X dQ DW. 1) Alford [42] and widely used for{He,d) reactions in the rare

earth region. Actual values are presented in Table VI. For all
Intrinsic cross sections for the single-nucleon transfer prof@lculations the radial integration was performed with no

cess are obtained from distorted wave Born approximatiorPWer cutoff. As recommended by Kuri89), finite range
(DWBA) calculations asdo/dQ)py, andN is a normaliza- paréimeters of 0.621 and 0.77 were used for i) and
tion constant for these cross sections. Thg values are (d,”He) reactions, respectively.

expansion coefficients describing the Nilsson orbital of the Nilsson model calculations were performed for a quadru-
transferred nucleon. The quanti§? is a pairing factor, pole deformation of6=0.30. For neutron orbitals the Nils-

- - L ; y ters were=0.0637 andu=0.42 while for the
which for a pickup reaction N? , the occupation probability Son parame - M o
in the target for the transferred nucleon. For a stripping reproton orbitals they were=0.0637 ang..=0.60, as recom-

P 2 2
action P?:Ui2=1—vi2 is the “emptiness” probability. In mended by Lamni43]. Values of U< and V“ factors for

the derivation of Eq(1) the final state was assumed to be avarious orbitals in the target ground states were estimated
o at ; ) : from BCS pairing considerations. Coriolis mixing effects
Coriolis-mixed configuration, with amplitudes; for the

. . . have not been included for these calculations.
various Nilsson orbitals for the transferred nucleon.
For the present work DWBA calculations were performed

with the computer progranbwucks4 [39], using optical IV. SEMIEMPIRICAL PREDICTION

model parameters which have been successfully employed in OF THE LEVEL STRUCTURE

this mass region. For thé*Ho(d,p)***Ho reaction optical The technique used here for modeling excited levels in
16840 is a semiempirical method that has been applied to

2| sho @pyeetio “235 ‘ odd-o_dd deformed nuclei for many years and that was first

31 angle=30° T energy inkeV ] described by Strublet al. [11] and Motz et al. [9]. The

© | deuteron energy=17 MeV excitations of the quasiparticle states in an odd-odd nucleus

are deduced by summing separate contributions from the two
unpaired nucleons whose excitations have been observed ex-
perimentally in neighboring odé- nuclei. Estimates are
made of the effect of the-p interaction either through the-
4306 ; oretical calculation, e.g., see Boissetnal.[4], or, when data

are available, from experimental evidence in a previously
studied odd-odd nucleus. Rotational parameters are esti-
. / ] mated using a parallel concept, i.e., the summing of contri-

| e e e butions to the moment of inertia from the unpaired nucleons.
channel . . . .
Details of such calculations have been discussed previously
FIG. 7. Decomposition of thed(p) peaks at 426 keV. [44]. When the experimental data for quasiparticle excita-

044305-16



NUCLEAR STRUCTURE OF*®Ho STUDIED IN . ..

PHYSICAL REVIEW C61 044305

TABLE IV. Spectroscopy of!®Ho via the d,%He) reaction E=27 MeV).

Intensity |, (rel)®

Jma Ely (keV)? Eexpt (KEV) 30° 40° 50°
7 5.971(12) 5.7(3) 8.5(10) 4.8(6) 5.2(6)
impurity® 14.28) 2.5(6) 1.94) 1.6(5)
2" 54.23887) 54.39) 1.1(5) 1.313) 1.53)
1- 82.470919) 84.528) 0.4(2)°
8~ 137.73113) 138.2124) 10.0(11) 8.2(7) 9.6(7)
3 171.076712) 171.67) 2.88) 3.1(6) 2.0(6)
4- 180.468628) 180.26) 7.8(11) 4.007) 4.5(6)
3t 190.903820) 190.86) 3.99) 2.8(6) 3.805)
impurity® 227.514) 1.4(6) 0.7(3)
5% 263.789523) 263.7619) 33.019 22.211) 16.213)
273.116) 2.88) 2.2(6) 4.809)
9 286.9610) 286.56) 7.5(10) 5.1(7) 6.96)
6" 295.0889) 296.812) 2.0(5)
5- 329.7774) 330.87) 3.99) 2.24) 3.005)
5% 348.261726) 347.719) 2.0(6) 1.2(3)
6" 379.5494) 380.25) 21.9116) 12.49) 14.08)
impurity® 390.99) 3.809) 1.8(6) 2.1(5)
2+ 430.0404) 430.1422) 17.0115) 11.1(11) 9.0(8)
impurity>¢ 439.1(8) 2.58) 2.58) 1.8(5)
6" 453.774) 454 513) 1.46) 0.7(4)
3" 481.8544) 481.6520) 22.019) 12.1(11) 10.79)
impurity 489.67) 5913 3.08) 2.7(6)
4" 547.9345) 548.1(4) 8.3(11) 5.6(7) 4.7(6)
4" 558.5794) 558.54) 7.998) 4.007) 4.86)
3" 592.4609) 591.76) 3.6(8) 2.0(6) 1.53)
5% 634.3294) 635.16) 2.809) 2.4(6) 2.8(5)
5% 654.802(11§ 651.914) 1.64)
4" 671.75012) 670.86) 2.99) 1.64) 1.7(3)
4" 719.444) 719.14) 7.3(11) 3.8(6) 4.7(6)
6" 732.54914) 729.630) 2.1(8) 1.2(4)
0" 803.3610)
805.4111) 2.0(6)
5% 806.6819)
820.652) 820.113) 1.84)
885.398) 884.816) 1.2(4)
2% 5" 925.513) 926.513) 1.94)
27 5" 1010.663) 1010.222) 0.8(4)
1093.719) 0.4(2)
1142.221) 0.6(2)

3 rom the Table Il and Nuclear Data Sheft§].
bFor the results at each angle the values are normalized so that the sum of intensities for the spin 2, 3, and 4
members of th& "=2" band at 430 keV plus the spin 5 and 6 members oltfie-5" band at 263 keV is

equal to the corresponding sum of cross sectidmsub/sr) predicted assuming these bands contain 55%
admixtures ofp3/2*[411]+n7/2"[633] configurations. These five levels have the strongest peaks in the
experimental spectra. The value of 55% is the average of 50% and 60% predicted by the QPM for the
admixtures of these two-quasiparticle states inkffe=2* andK™=5" bands, respectivelisee Table IX
Experimental justification for this choice is that the ratio of summied)( cross sections measurgt] to

that predicted, summed for the same five levels, is 53%.
‘Peak belongs to the Ho isotope.

dIntensity questionable.
fldentification questionable.

fPeak belongs to th&Ho isotope.
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TABLE V. Optical model parameters fo®®Ho(d, p)**®Ho calculations aE4=17 MeV.

\% r a, w 4a;Wp ri q; re Vo rss« &g Nonlocal
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (fm) (MeV) (fm) (fm) param.

d —101.7 115 0.1 50.3 1.34 0.68 1.30 0.54
p —-56.8 117 0.75 —1.381 22.9 132 064 1.25 6.2 1.0l 0.75 0.85
n €) 1.25 0.65

@Adjusted to fit separation energy.

tions are well determined in the oddneighboring nuclei, a Hartree-Fock-Bogoliubov average field. The rotational de-
rather extensive set of two-quasiparticle states can be calcgrees of freedom of odd-odd nuclei were usually treated in
lated for the subject odd-odd nucleus. In the casé®flo,  the framework of the rotor-plus-two-quasiparticle approach
eight proton configurations and eight neutron configurationgsee, e.g.[4,47—49). The coupling of external nucleons
were taken from the odé-observationgTable VII) result-  with even-even core vibrations was neglected in most papers
ing in 128 possible parallel and antiparallel couplings of odd-and the collectivity of the low-lying states in odd-odd nuclei
particle momenta. was not investigated.

While excita_\tions that are predomi_nantly vibrational are  The first paper studying the coupling of quasiparticle and
not excluded in this modeling technique, the lower lyinginrational degrees of freedom in odd-odd nuclei was that of
states in the odé nuclei tend to be largely of quasme;rtlcle Soloviev[45]. In this paper the-p interaction was not taken
character. Exceptions to this generality includ&a=3 into account. The coupling of quasiparticle and vibrational
proton state observed at approximately 540 keVftio and degrees of freedom leads to the appearance of collective vi-

167) ; ; ; i
Ho that is mostly of gamma vibrational character, buntb : ; :

X rational (phonor) components in the low-lying states. The

upon the 7/2[523] ground state of these nuclei, anckd importance of vibrational admixtures in low-lying states of

3+ ; i
=3" neutron state observed at approximately 535 keV in , - )
165Dy and L7Er that is also of gamma vibrational character odd-A nuclei for the description of energy spectra and tran

built upon the 7/2[633] ground state of these nuclei 'sition probabilities was demonstrated in numerous calcula-
The results of the model calculation &f°Ho levels are 1ONS in the framework of the quasiparticle-plus-phonon
given in Table VIII. Listed are band energies for all GM model (see, €.9.[50,51)). Phenomenological model$2-

configuration pairs withiK <7 where the lower member lies 56] also confirmed the important role of collective vibra-
within the energy range 0—-950 keV. These comprise a totdional admixtures in the description of the low-lying states in
of 45 bands. The remaining bands whose energies can [Rld-odd nuclei. Therefore in RgR6] the quasiparticle-plus-
calculated with this modeling technique lie above 950 kevPhonon model was generalized also for the case of odd-odd

and thus are beyond the scope of the present investigationnuclei and ther-presidual interaction as well as the coupling
of odd nucleons with a vibrating even-even core were treated

on the same microscopic footing. In the framework of this
approach it was shown that low-lying states in odd-odd de-
formed nuclei have two-quasiparticle character with small
Low-lying states in odd-odd deformed nuclei have beercollective components not exceeding 20—3{8ée[57]).
extensively theoretically investigated for a long tirteee, The theoretical interpretation of the data 6#fHo was
e.g.,[1,2,4,9,11,19,22,45-48 The most attention has been performed in the framework of the standard rotor model
paid to the Gallagher-Mozskowski splittifd] and Newby  where the intrinsic nonrotating degrees of freedom were de-
shift [2], which are directly connected with the neutron- scribed by the modified quasiparticle-plus-phonon model
proton interaction and provide a good possibility for its in-[26]. Since this approach is discussed in detai[26], we
vestigation. In most papers the neutron-proton interactiopresent here only the basic ideas.
was introduced as some effective force with parameters fitted The low-lying states in odd-odd deformed nuclei can be
to the available experimental datsee, e.g.[22,46])). The  described within the adiabatic approximation of the separa-
only exception is the papgd7] where the effectiven-p in-  tion of intrinsic nonrotating degrees of freedom and the ro-
teraction was obtained in a self-consistent way from theational ones with the corresponding nuclear Hamiltonian:

V. THE QUASIPARTICLE-PHONON MODEL
(QPM) CALCULATIONS

TABLE VI. Optical model parameters fof*’Er(d,*He)***Ho calculations aE =27 MeV.

\% re a, W daWp 1 a; re Vo rso &g Nonlocal
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (fm) (MeV) (fm) (fm) param.

d —111 1.05 0.859 56.2 124 0.794 1.25 0.54
He -175 1.14 0.723 —175 160 081 14 0.25
p (@ 1.25 0.65 8.0 0.85

8Adjusted to fit separation energy.
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TABLE VII. Band energies for quasiparticle excitations in odd-mass nuclei adjacéfitdo; rotational
parameters in adjacent odd-mass and even-even nyiEleén-even nuclei#?/2J(%Dy)=12.76 keV;
72123(15%Er)=13.43 keV]

Odd proton states Odd neutron states
Average of data from®*Ho and *Ho® Average of data from®Dy and *7Er?
Proton orbital E(K) (keV)  %2/12) (keV) Neutron orbital ~ E(K) (keV)  #%2/2] (keV)
A 7/27[523] 0 10.81 Z 7/2[633) 0 9.04
B 3/2"[411] 311(51) 11.83 Y 1/2[521] 15850) 10.91
C 1/2'[417] 411(18) 12.29 X 5/2[512] 26581) 11.49
D 3/2 {A— Qg 54327) 10.26 W 3/2{Z—Q,,\° 5354) 8.78
E 1/27[541]° 681(0) 9.50 V 5/27[523] 601(67) 10.83
F 7/2°[404] 845129) 11.64 U 3/2[521]° 66390) 11.26
G 5/2'[413] 103843 12.13 T 1/2[510]° 667(97) 11.35
H 5/27[407] 1229174 12.09 s 5/2[647 813 8.79

8Data taken from Ref62].

PAccording to calculations by Michaelist al. [74], these states have a large vibrational admix{4@—

70 %); other calculation$75,76 show vibrational mixtures of 10—-12 %, with the larger part of the wave
function being 3/2[651].

°Data available for'®*Ho only.

dCalculations 74] indicate some admixture of (172521]®27) in this state.

€Calculationg 74,75 indicate approximately equal amounts of single-particle character, as listed here, and a
vibrational state(5/2[512]®2%).

Data available for*®’Er only.

H=Hnu+Hot» (2)  quantum numbers characterizing a given state. The symbol
|I"MKpg) represents the symmetrized product of the Wigner
with the intrinsic partH;,, and rotational part,,,. For an  functionsD},, and the intrinsic wave functiops(K™)) (see,
axially symmetric rotor, with rotational axis perpendicular to e.g.,[58])
the symmetry axis of the deformed average field, the rota-

tional part of the Hamiltonian i§26,49 "MK o) / 21+1
° 1672(1+ k)

52 .
Hroz_ 2 (Ii_-i)2 N
23,4, X[ Dy + (—1)' Dy Ryl o (K™),  (5)

2 2 where| (K ™)) is the eigenvector dfi;,, with corresponding

v AT T
_ZJ(I |3)+2J(I+J*+I*J+) intrinsic energyz, ,
h? PPN PN Hinr|¢’ (KM))=n |’/’ (K™)) (6)
o3 +i-0, 3 e e

and R, is the rotation operatofangle =) around the first
where the first term on the right-hand sitRHS) of Eq.(3)  intrinsic axis of the fixed-body framve suppose that®Ho

is a pure rotational term, the second term represents the Cét nR-symmetric nucleus e

riolis interaction and the last one stands for the centrifugal The Coriolis mixing amplitudesy, in Eq. (4) can be
interaction. In Eq(3) J is the moment of inertia of the odd- Obtained by the diagonalization of the matrix of the total
odd nucleus], and |5 are projection operators of the total Hamiltonian(2) constructed in the basis of the functié).

. L >, > The expressions for the matrix elements of individual terms
(1) and of the intrinsic angular momenthi(]nﬂpz onto ¢ the Hamiltonian(2) can be found in many papefsee,
the nuclear symmetry axis, respectively, dndandj.. are e g.[49]). Therefore we do not give them here. The operator
defined ad . =1, *il, j.=];*i],, respectively. R, in Eq. (5) changes the sign dk for the intrinsic state

The wave functions of the Hamiltonig@) have the form |,(K™)). Special care has to be given to the=0 case for
which we have(see, e.g.[58])

17M)=2, b1 ™MKe), @ Ral#g(K=0))= 7] trg(K=0)), @

where y==1. In order that/IMK =0¢) does not vanish,

1& RT .. ..
wherebeK are the Coriolis mixing coefficientd) andK are gne has the following condition:

the angular momentum projections in the laboratory and th
intrinsic systems, respectively, arddand ¢ are additional y=(—1)". 8
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So, the intrinsic wave functiofy,,(K7=0)) is the eigen- [Q1,,QF 1=8,, 6, - (12)
vector of the operatoR; with eigenvaluey. Therefore for M NN T

the case oK=0 we should ascribe the additional indgxo  The one-phonon state3, ,|) describe the low-lying vibra-
the intrinsic wave function. Following E@8) each rotational tional states in the even-even core.

band withK =0 splits into two bands. One of them, with In the second step the interactiodgo andH ,q [see Eq.
=+1, can involve only states with even valueslpivhile  (11)] between odd particles and the vibrating even-even core
the band withy=—1 can have only odd values of as well as the interactioH,,, between odd particles are in-

The intrinsic degrees of freedom are described in our apvolved and in terms of the variational principle we can ob-
proach by the generalized quasiparticle-plus-phonon modeghin the amplitudes C2, of neutron-proton  two-
n-p

(QPM). In this model the intrinsic pait;,, of the nuclear N R4 .
Hamiltonian(2) is given by a deformed, in the case ¥fHo, quasiparticle componentsavnavpb, and the amplitudes

axially R-symmetric, average fieltg,, a short-range re- DX, Of two-quasiparticle component&,:na;’prMD, in
sidual interactionH 5 (pairing and a long-range residual the odd-odd nucleus intrinsic wave functipp,(K™)):
interaction,H < [26]:
T\ — Ke + +

Hine= Hsp+ Hpair+ Hres- 9 | {//Q(K )> ,,nE,,p CVn”paVna"p
In our approach the single-particle average fielg, is ap- 0 P
proximated by the Nilsson Hamiltonian with its standard pa- + VZ)\ DX vy @v, @, Qu
rametrization(see[59]). The pairing interactiom ., has the n¥pn
form of a monopole ternisee[26,58) and long-range re- with the intrinsic energyyox -
sidual interactions are taken in the form of the isoscalar and |t should be noted that usually in the low-lying intrinsic

> . (13

isovector mu|tip0|e deCOI’npOSitidBee[26,5l,58)Z states |¢IQ(K)> one two_quasipartic|e Component’ say
agnagp|), predominates with the corresponding angular mo-
Hes=—12 > > (kf¥+ 77" k) Q0Q, mentum  projectionK =|K, =K, |. Two intrinsic states
Au=0 L./ "

(10 |¢g:QnQP(K)|> with K=K, +K, andK= Ko, — Kgpl have
a similar structure (that means amplitudes&tﬁfyp and

wherng is the residual nonaverage part of the symme-peK 'y and they form the well known Gallagher-

trized multipole operator with the given multipolarity and " . . . L
the multipolarity projection (see[26,60 for detaily. The Mozskowski(GM) doublet with the corresponding GM split

. ._ting energy:
index r represents the neutron and proton systems for which g oy

r=—1 and+1, respectively. (G™M)  _ _
After the Valatin-Bogoliubov transformation from single- ABee, ek =Ko, =K, |7 MoK =K, +Kq, - 14
particle - operators &,,a,) to the quasiparticle ones Moreover, for the case d{=0 one can define the Newby
(a,,a)) and using the random phase approximatiBRA) shift '
equations for one-phonon vibrational excitations of the even-
even core, the intrinsic Hamiltonig®) can be schematically AEN)  — P a1, 15
rewritten in the form(see[26,51] for detail9 eK=0" Tgk=0y=-1" WeKk=0y=+1 (19
which determines the energy shift between two rotational
np (11)  K=0 bands with the same internal structure differing only
o o by the quantum numbey=*+1. The GM splitting energies
whereH .. generates quasiparticle and phoriuibrationa)  ang Newby shifts are usually calculated in the framework of
excitations of the doubly-even corld,,q andHq represent  the model of independent quasiparticlese, e.g.[46—48),
the coupling of odd neutron and proton quasiparticles withyhere they can be directly related to the two-particle matrix
the yibrating doubly-even core, respectively;,, stands for  glements of then-p interactionH,,. The QPM approach
the interaction between the odd neutron and proton. The eXfyresented iffi26] and in this paper takes these quantities into
plicit expressions for each of the terms involved in EBfl)  account as well as the vibrational degrees of freedom of the
are given in[26], where one can find also their microscopic gyen-even core.
origin. _ ) The interpretation of the experimental levels given in the
The search for the eigenvectdng,(K™)) and eigenval-  present investigation is based on the calculation of the ener-
ues 770« of the intrinsic HamiltonianH;,, [see Eq.(6)] is  gies and the structure of the low-lying intrinsic states of
usually performed in two steps. In the first step the RPA isi66q This calculation represents the generalization of that
two quasi-particle phonor@,, with corresponding multipo-  approximated by the Nilsson Hamiltonian, whose parameters
larity A and multipolarity projectionu from the RPA equa-  (including deformationwere taken fron{49,61. Since the

Hintr: Hcore+ HnQ+ HpQ+ H

tion (see, e.g.[51,58) isovector part of the long-range residual interactitgs[see
N . Eqg. (10)] has no substantial influence on the low-lying intrin-
[Heores Q=03 ,Qx s [Heores Quul= =@y, Qup s sic states in deformed nuclé&ee, e.g.[58]) in our calcula-
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tions, we restrict ourselves only to the isoscalar paft ) +1)— K2]|=Ko). The inertial parameters were assumed to be

=0). We did not optimize any model parameter. QPM pa-72/23~9 keV for all bands. The last column contains the
rameters(pairing strength constants and long-range residuaéxperimental energies of the first level of the rotational band
interaction constant&{**) for A=2,3) were determined in of the corresponding intrinsic state. The individual GM dou-
[58] by the properties of the even-even coneeded experi- blets are separated by the double-line. The GM splitting en-
mental values of the lowest quadrupole and octupole oneergies(14) can be deduced from the third column for each
phonon energies were taken frd®0]). A standards-force  GM doublet. WherkK =0, the third column also contains the
dependence of tha-p interactionH,, [46] was used. The Newby shifts(15).
parameters oH,, were taken from46] where they were
obtained by a least square fit to all GM splitting energies and
Newby shifts known at that time. VI. LEVEL SCHEME AND ROTATIONAL BANDS

In order to improve the agreement of the experimental

. . . . A. Interpretation of experimental results
and theoretical bandhead energies, we shifted some Nilsson P P

orbits with respect to the values used[26]. Aside from The present experimental data fiHo have been inter-
these shell shifts, we used the same model parameters asRfeted in terms of single-particle configuration assignments
[26]. to unpaired nucleons in the states upon which rotational

The structures and energies of the low-lying intrinsicbands are built. Assignments are made by considering the
states below 1 MeV int®®Ho are shown in Table IX. The sSpecific nature of each experimental measurement and with
first and second columns of this table contain the compoguidance from the predictions of a semiempirical model
nents and the percentages with which they enter the structuf§€c. 1) and a more formal quasiparticle-phonon model

of the corresponding intrinsic staté3) (|C2<7|? for two-  (QPM) (Sec. . Mixing among configurations with identical
ne K quantum numbers is a feature of this interpretation; pre-

dictions are obtained from the QPM studies. Included in our
quasiparticle plus phonon component3he difference of considerations is the possibility that vibrational excitations
the calculated intrinsic energy for a given statg,, and  play a role in the level structure df®Ho, in a manner analo-
the calculated intrinsic energy for the ground stajg,« ,..  gous to that found in the neighboring odd-mass nuclei. The
is given in the third column of this table. The fourth column results are summarized in Figs. 9,(40 and 1@b) and
contains the energy of the first member of the rotational bandables II, VIII, and IX. Table Il lists all of the experimental
built on the corresponding intrinsic state. These values werkevels in *%Ho proposed by the authors plysrays from the
obtained by means of the standdfd+ 1) formula without decay of each level. Most of thg-transition datgenergies,

an inclusion of Coriolis coupling (i.e., E(I,Kg) intensities, and multipolaritigsare taken from Ref[9].

= MoKy~ Mogkyy, ™ (BRI +1)— K] — = (AZ123)[1 (I Somey energies and intensities are newly determined in our

quasiparticle components andeﬁnv |2 for two-
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coincidence measurements. Experimental multipolarities of As discussed in Sec. Il A, the 2-keV ARC reaction is ex-
Ref. [15], few in number, are included. The level energiespected to populate all levels witlF=2*, 3%, 4%, and 5
(col. 2) were calculated by use of a least squares fit computevia intenseE1 transitions. In a similar manner, but with
program(LEFIT by K. Schreckenbagh
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TABLE VIII. Experimental and calculated bandhead energies, rotational parameters, and matrix elem&his.in

Bandhead energig&eV) Rotational parameteri&eV) Matrix elementgkeV)

Cnfg_a Eexpt EcalcI b EcalcI I Aexptx |(1)1 I(Z)d Amearge Acalcb E(GM)expt E(GM)caIc
0"AZ 0.0 46 0 9.0401)0,2 8.8601)1,3 8.64 787  +84.1 +101
9.0161)2,4 8.8171)3,5 +84.1 +23¢
8.9701)4,6 8.7661)5,7 +84.1 +160"
7°AZ 6.0 0 13 8.2361)7,8 8.2916)8,9 8.64 7.87  +32.4Ey) +31
A=8.026 B=0.0016 +32.4Ey) —2.9
3TAY 190.9 12850) 147 8.7201)3,4 8.7601)4,5 9.30 9.25 -171.9 —159
8.7943)5,6 8.8183)6,7 -171.9 —-169
A=8.650 B=0.0022 -171.9 -106"
4TAY 372.0 29650) 305 9.8861)4,5 9.7721)5,6 9.30 9.25
9.6541)6,7
A=10.144 B=—0.0052
5"BZ 263.8 29551) 292 9.6271)5,6 9.6301)6,7 9.13 8.40 +193.6 +146
+5%AU A=9.694 B=—0.0007 +193.6 +147
2"BZ 430.0 41651) 502 8.6361)2,3 8.2601)3,4 9.13 8.40 +193.6 +129"
+2*AU 8.6391)4,5 8.18%1)5,6
A=8.475 D=—0.0537
6" AX 295.1 26281) 362 9.1831)6,7 9.40 9.66 +177.2 +10F
1AX 426.1 33381) 420 9.6172)1,2 9.5811)2,3 9.40 9.66 +177.2 +141"
9.5581)3,4 9.5191)4,5
9.45(013)5,6
A=9.646 B=—0.0036
17BY 373.2 460102 369 10.7182)1,2 9.9531)2,3 10.92 9.99 2544 —-81"
10.8901)3,4 9.5231)4,5
10.87518)5,6
A=10.410 D=0.152
2°BY 638.2 590101 531 11.1202)2,3 11.0043)3,4 10.92 9.99
A=11.268 B=—0.0083
5~ AZg 431.2 5274) 452 8.21%18)5,6 8.1774)6,7 8.55 7.67 +138.2
A=8.197 D=0.0029
27 AZg 543.7 6244) 527 8.8911)2,3 8.8741)3,4 8.55 7.67
8.9571)4,5
A=8.883 D=-0.0024
5-DZ 53827 7.57
2°DZ 636(27) 7.57
4T AT 558.6 66697) 538 9.6221)4,5 9.7477)5,6 9.56 9.56 +266.0 +149
A=09.338 B=0.0057
3TAT 815.1 77797 864 9.4902)3,4 9.4164)4,5 9.56 9.56
A=9.455(18) D=0.0081
1*AV 567.7 53367) 585 9.4581)1,3 9.38%1)2,4 9.25 9.19 -1085 —154
9.4461)3,5 9.3691)4,6 —-108.5 —322
A=9.427 D=-0.0314
6°AV 722.0 73367) 888 9.03%18)6,7 9.25 9.19
47BX 576(132 10.46
17BX 665(132 10.46
3tcz 592.5 39719 650 9.9112)3,4 9.7802)4,5 9.32 8.63 —117.6 —144
9.5422)5,6 —~117.6 —og"
A=10.145 B=—0.0073
47 cz 719.4 54419 801 8.72418)4,5 8.72715)6,7 9.32 8.63 —117.6 —150¢
A=8.718 B=0.0001
1 CY 595.8 58%68) 621 8.7971)1,3 8.1176)2,4 9.95 10.31 +128.0 +94
A=8.581 D=-0.216 +128.0 +19¢&
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TABLE VIII. (Continued.

Bandhead energig&eV) Rotational parameteri&eV) Matrix elementgkeV)
Cnfg_a Eexpt E(:alcl P Ecal(,J 1€ Aexph |(1), I(Z)d Amear:a Acalcb E(GM)expt E(GM)caIc
0 CY 659.0 66968) 570 11.1105)0,2 10.6572)1,3 9.95 10.31 +128.0 -1-113*_1

10.19211)2,4 +47.1Ey) +31
+47.1Ey) +14.7
2°CX 668100 10.83
37 CX 760.4 799100 9.6701)3,4 9.7312)4,5 9.67 10.83
+3"EZ A=9.561 B=0.0034
1*DY 693(77) 8.84
2'DY 822(77) 8.84
3" EZ 693 7.15
4 EZ 77 7.15
0"Fz 800129 8.30
7YFZ 933129 8.30
6 AS 802 7.68
1°AS 887 7.68
4*DX 806(108 9.22
1*DX 898(109) 9.22
3"BW 844(55) 8.17
0"BW 93955 8.17
1" BV 861(118 9.92
1TEY 877118 8.27
2+ 905.6 955 9.2B)2,3 8.664)3,4 9.34
A=10.065 B=-0.0440

5* 925.5 952 9.4087)5,6 9.34
0*EY 91850) 8.27
2TEX 93581) 8.60
1"CW 94022 8.39

aSee Table VII for key to “AZ” notation.

bValues calculated with semiempirical mod8kec. IV). The uncertainties shown in parentheses are derived from the spread in experimental
values taken from two neighboring odd-mass nuclei.

“Values calculated with quasiparticle-phonon mo@sc. V).

dvalues of the rotational parameter calculated with the formda=[E(2)—E(1)1/1(2)[1(2)+1]-1(1)[1(1)+1]. For level energies

E(i) in the bands, see Table Il. FBg,,, uncertainties in the last digits are in parentheses. The paired coefficients A,B or A,D are derived
from the three lowest level energies using the formiés =Al(1+1)+BI?(1+1)%2 or E(1)=Al(1+1)+D(—1)'I(1+1).

€Listed in this column is the mean of the first rotational parameter listed for each band of the GM pair.

fCalculated values taken from R¢4].

9Calculated values taken from R¢69].

RCalculated values taken from R¢6].

iCalculated values taken from R¢E].

states will populate all levels with"=2", 37,47, and 5.  range of excitation energy 0-906 keV, while our semi-
In fact, this is exactly the case experimentally for #%Ho  empirical model predicts the existence of 41 such levels.
ARC data with just a few exceptions. Among the 23 rota-Whereas some of the peaks reported in Table | may be due to
tional bands identified, there are 61 levels with2, 3, 4, or  multiplets with similar energies, it is likely that most of this

5. All but two of these levels have been observed in the ARQliscrepancy is caused by certain levels occurring at higher
spectra. excitation energies than predicted.

Since the averaging over many resonances that is the es- For those levels populated by tH&Ho(d,p)*%®Ho reac-
sence of the ARC techniqgue means that all levels with aption, the proton orbital, which is unchanged in the reaction,
propriate spins and parity are populated, we can compare theill be that of the target isotope, namepy7/27[523](A).
number of observed levels with model predictions. Considin an analogous manner, in thé%Er(t,a)'*®*Ho and
ering just the more prominent peaks in the ARC spectral®Er(d,He)!®®Ho reactions the neutron orbital for the lev-
those that involve positive-parity levels with-2—5, we  els being populated will be that of the target, namely
postulate that all such levels within the first 1 MeV of exci- n7/2*[633](Z). The specificity of these single-particle trans-
tation are represented in Table I. We observe 27 levels in thier reactions is of great value in making configuration assign-
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TABLE IX. Structure and energies of the intrinsic states'{fHo.

The structure Intrinsic energy The first level The first level
of the intrinsic state (theory) of rotational of rotational
[ho,(KT)) MoKy ™ MogKeve band theory band experiment
[keV] [keV] [keV]
0™ (p7/2523]—n7/2[633]) 95% 0.0 0.0 0.0

{(p7/2[523]—n3/2651]— Q. 5% AEMN =326 keV

77 (p7/2523]+n7/2 633)]) 83%
{(p7/2[523]+n3/2 521]+ Q5 4%
{(p3/2411]+n7/2633]+ Q5. 4%
{(p7/124523]+n3/24 651+ Q) 3%
{(p3/4 541+ n7/24 633+ Q1) 2%
{(p3/2[521] +n7/2633]+ Q. 1% -50.4 13.2 5.9

17 (p3/27411]—n1/2521]) 94%
{(p3/4411]+n1/A521]— Q1) 1%
{(p3/2[411] — n5/2 642]+ Q5 1%

{(p3/2411]+n3/2 651]— Q1. 1% 360.0 369.0 373.1
27 (p3/2411]+n1/2521]) 95%

{(p7/2[523]+ n1/2 521] — Q5 2%

{(p3/2541]+n1/2 521+ Q3o 1% 513.2 531.2 638.2
57 (p7/Z523]+n3/2 651]) 81%

(p3/2541]+n7/2633]) 12%

{(p7/2[523]+n7/2633]— Q. 6% 407.5 4525 431.2
27 (p7/2523]—n3/2651]) 62%

(p3/2541]—n7/2633]) 5%

{(p7/2[523]—n7/2633]+ Q. 26%

{(p7/2[523]+n1/2[660]— Q. 7% 509.1 527.1 543.7
17 (p1/2411]+n1/2521]) 97%

{(p3/4411]—n1/A521]— Q1) 1%

{(p5/2412) —n1/2 521]+ Qo 1% 612.3 621.3 595.8
0~ (pl/4411]—n1/2521]) 96%

{(p3/4411]+n1/A521]— Q) 2% 570.2

{(p1/2[411]+n3/2521]— Q. 1%  AEM=-40.2 keV 570.2 658.9
37 (p7/24523]—n1/2521]) 60%

(p1/4411]—n7/2633)) 31%

{(p3/2[411]+n7/2633]— Q. 2%

{(p3/2541]+n7/2633]— Q3. 1% 120.2 147.2 190.9
47 (p7/Z4523]+n1/2521]) 70%

(p1/Z4411]+n7/2633]) 10%

{(p7/124523]—n3/4 521+ Q5 } 8%

{(p7/2523]+n5/2512] — Q. 6% 269.2 305.2 371.9
57 (p7/4 523+ n3/2521]) 30%

(p3/4411]+n7/2633]) 60%

{(p7/2[523]+n7/2633]— Q5. 5%

{(p7/2[523]—n1/2521]+ Q. 2% 247.1 292.1 263.8
2% (p7/2523]—n3/2521]) 39%

(p3/4411]—n7/2633)) 50%

{(p7/2[523]—n7/2633]+ Q5 4%

{(p7/2[523)+n1/2521]— Q. 3% 474.1 592.1 430.0

044305-25



P. PROKOFJEV&t al. PHYSICAL REVIEW C 61 044305

TABLE IX. (Continued.

The structure Intrinsic energy The first level The first level
of the intrinsic state (theory of rotational of rotational
[ho,(K™)) MoKy ™ MoKeve band theory band experiment
[keV] [keV] [keV]
6+ (p7/2523]+n5/4512)) 80%
(p7/2523]+n5/2523)]) 10%
{(p7/2[523]+n1/2 510]+ Q,} 5%
{(p7/124523]+n9/2 514] — Q) 4%
{(p7/2523]+n1/Z 400]+ Q5. 1% 308.3 362.3 295.1
17 (p7/2[523]—n5/2512]) 76%
(p7/2523]—n5/24523]) 10%
{(p7/2[523]—n9/2 514+ Q. 4%
{(p7/2[523]—n1/2 400]— Q55 4%
{(p7/2523]—n9/Z 624]+ Q1. 1% 398.9 407.9 426.1
41 (p7/24523]+n1/2510]) 70%
(p1/4411]+n7/24633)) 1%
{(p7/14523]—n3/2521]+ Q) 19%
{(p7/14523]—n3/24512]+ Q1} 6%
{(p7/12523]+n5/24523]— Q5 2% 501.6 537.6 558.6
3% (p7/2/523]—n1/2510]) 74%
(p1/2411]—n7/2633)) 2%
(p7/2[523)—n1/2521]) 1%
{(p3/4411]+n7/2633]— Q4. 1% 836.9 863.9 815.1
1" (p7/2523]—n5/2523)) 88%
(p7/2523]—n5/24512]) 9%
{(p7/24523]—n1/2521]) — Q. 3%
{(p7/2523]—n9/Z 514]+ Q1 1% 576.2 585.2 567.7
6+ (p7/2523]+n5/24523]) 79%
(p7/2[523]+n5/2512]) 8%
{(p7/4523]+n1/24510])) + Q5 3%
{(p3/2[541]+n5/2523]+ Q. 3% 834.2 888.2 722.0
3" (pl/2411]—n7/24633)) 69%
(p7/2[523]—n1/2521]) 15%
(p7/2[523]—n1/2510]) 15%
{(p7/2523]—n1/2521]+ Qo 5% 613.2 640.1 592.5
4% (p1/4 411 +n7/2633)) 85%
(p7/2523]+n1/24510]) 2%
(p7/2523]+n1/24521]) 13%
{(p7/2523]+n1/2521]+ Qo 1% 747.1 783.1 719.3
27 (p3/2541]—n7/2633]) 72%

{(p7/124523]—n7/24633])+ Q5 9%
{(p1/2[550]+n7/2[633]) — Q. 7%

{(p3/24541]—n3/7 651] + Q) 6% 573.4 591.4

5~ (p3/2[541]+ n7/2633]) 75%

{(p7/24523]+n7/4633]) — Q) 9%

{(p1/A541]—n7/2633]) — QL) 7%

{(p3/2 541]+ n3/4 651] + Q1) 4% 680.3 752.3 721.8
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TABLE IX. (Continued.

The structure Intrinsic energy The first level The first level
of the intrinsic state (theory) of rotational of rotational
[ho,(KT)) MoKy ™ MogKevo band theory band experiment
[keV] [keV] [keV]
27 (p3/24 411 —n7/24633)) 13%
{(p7/24523]—n3/2521]) 62%
{(p3/4411]—n3/2651]) + Q5 4% 951.2 969.2 905.6
57 (p3/2411]+n7/24633]) 12%
(p7/2523]+n3/24 521]) 62%
{(p3/2 411+ n3/24651]) + Q5 6% 920.4 956.4 925.5
0" (p7/21404]—n7/24633)]) 74%
{(p7/4404]—n3/24651]) — Q5 15%
{(p7/2404]—n11/2505]) — Q3 4% 879.4
{(p3/20402]—n7/2633]— Q. 3% AEMN =572 keV 879.4
77 (p7/24 404]+n7/24633]) 76%

{(p7/2404)+ n3/4 651]) + Q1) 14%
{(p7/4 404+ n11/4505)) - QL) 4%
{(p3/24404]+ n7/2633]) + QL) 2% 985.3 1048.3

ments in the complicated level scheme'8fHo, particularly ~ following discussion, and in Figs. 9 and 10, are merely con-
for the more strongly populated levels. For various reasong/enient labels, indicating what are believed to be major com-
weak populations can exist for bands which do not satisfyponents in the bands. This can be seen clearly in Tables X
the above “selection rule,” so caution must be used in in-and XI, where the single-nucleon transfer strengths for some
terpreting small peaks with intensities only a few percent ofoands have only a small fraction of that expected for the
those for the largest peaks in the spectrum. For exampléwo-quasiparticle state used as a label.
both of the target nuclide¥®Ho and '®’Er have ground state In previous studies off®*Ho, the experimentally deter-
orbitals originating from high- shell model states, and are mined levels have been assigned spins and parities and have
expected to contain Coriolis-admixed components of othebeen arranged in rotational bard®]. The earliest interpre-
Nilsson orbitals from the same shef[sossibly at the level of tation of *Ho level structure was derived from three papers
up to a few percent Thus, e.g., states involving the published in the period 1965-1979,11,13. From the data
5/27[532] proton might be seen weakly in the,p) reac- in these publications, we have adopted what we consider a
tion, although these would not be expected at very low exfeliable set of 12 rotational bands comprised of approxi-
citation energies. In addition, there are often multistep proimately 45 levels. Among these, we find the most accurately
cesses in the reaction mechanism, which can redistributdetermined energy levels among nine bands with bandhead
strength among members of a band, and thus may have emergiesE<820 keV andK-quantum numbers in the range
significant effect on the intensities of weakly populatedO=K=<4. Their bandhead energiek-quantum numbers,
members. However, the most obvious cases where bands aaad parities are the following: 0 keV Q 191 keV 3', 372
populated, even though their labeled assignméetg., in  keV 4", 426 keV 1", 430 keV 2", 568 keV 1', 592 keV
Figs. 9 and 1pdo not satisfy the “selection rules,” are due 3%, 719 keV 4", and 815 keV 3. Our experimental results
to configuration mixings. For example, th€=3" band at  are in agreement with this basic band structure, i.e., we agree
190 keV is labeled in Fig. 10 as7/2 [523]—n1/27[521] with the level energies, assigned spins, parities, Kamgian-
and the one at 592 keV is labeleg1/2"[411] tum numbers for 40 levels in all, as listed in REL9]. In
—n7/2*[633]. This would imply the former should be popu- many instances, the placement of gamma transitions has
lated only in the ¢l,p) reaction and the latter only in the been altered, as compared with their arrangement in previous
(d,3He) reaction. However, Tables Il and IV show that both publications, due to the strong evidence we obtained from
bands are observed with both reactions, which is attributed tgy-coincidence measurements. For several of these bands,
mixing of the configurations. Table IX shows the QPM pre-we have been able to add an additional, higher spin member
dictions for these admixtures. based upon both deexciting-ray transitions and transfer
The experimental results, and the QPM predictions, inditeaction data. Some configuration assignments have been
cate that most, if not all, of the bands #i®*Ho are mixtures modified or added to bands in this group.
of two-quasiparticle configurations. It is therefore important Three additional bands witki=5 and bandhead energies
to stress that the two-quasiparticle descriptions used in thez300 keV have been reported previoufly|. For thesg6
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TABLE X. Experimental and calculatedi(p) cross sections.

" Elev 0p=15° 0,=30° 0ap=45°
(ke\/) l expl( reI) l cal(,( rel) l expl( rel) l cal(( reI) I expt( rel) I cal(,( rel)
K™=0" 0 keV band and calculation for pugg7/2 [523]—n7/2"[633] AZ band
0~ 0
1 82 1.24) 0.8 1.6 1.2
2" 54 2.46) 2.6 4.9 3.37) 3.6
3 171 3.28) 4.6 9.q11) 8.2 5.28) 6.8
4~ 180 5.811) 7.1 12.9(18) 11.0 9.89) 11.3
5~ 330 3.410 9.1 9.218) 12.7 22.%30) 15.2
6 378 8.5 11.2 14.4
e 558 5.3 6.8 9.0
SUMyps. fevs. 16.0 24.2 31.0 31.9 40.9 36.9
SUMypi/ Sum = 0.95 cf. QPM prediction of 95%
K™=7~ 6 keV band and calculation for puge7/2 [523]+n7/2"[633] AZ band
7 6 5.07) 6.5 17.@41) 11.7 6.18) 9.5
8~ 138 8.411) 13.8 21.119 22.1 20.718) 21.8
9 287 7.428) 12.8 8.7118) 16.4 12.932) 21.9
107 7.2 9.2 12.3
Sumy_;_o 20.8 33.1 46.9 50.2 39.6 53.2
Sum, i/ Sumg, = 0.79 cf. QPM prediction of 83%
K™=3" 190 keV band and calculation for pupg/2 [523]—n1/2 [521] AY band
3* 191 37311) 780 26760 401 1264) 293
4* 261 1526) 208 1229) 185 8Q7) 109
5* 348 412) 60 584) 103 634) 55
6" 454 195) 22 363) 43 282) 26
7t 577 2.3198) 5 7.513 9 6.29) 7
SuUMyang 587 1074 490 741 305 490
SUMypi/ Sum = 0.60 cf. QPM prediction of 60%
K™=4% 372 keV band and calculation for pupd/2 [523]+n1/2 [521] AY band
4* 372 54@8) 907 40Q9) 485 2134) 356
5* 471 1117) 119 13%6) 164 723) 86
6" 588 454) 45 626) 87 423) 48
7t 723 12 22 15
Sumy_,_¢ 697 1070 598 736 327 490
Sum, i/ Sumy, = 0.71 cf. QPM prediction of 70%
K™=6" 295 keV band and calculation for pupg/2 [523]+n5/2 [512] AX band
6" 295 925) 147 1376) 292 694) 144
7t 424 12@7) 152 1447) 299 704) 152
SUNMyand 212 298 281 591 139 296
SUMyyp/ SuM = 0.53 cf. QPM prediction of 80%
K™=1" 426 keV band and calculation for pupg/2~[523]—n5/2"[512] AX band
1t 426 156) 25 496) 50 354) 24
2" 465 585) 76 1096) 149 543) 74
3* 522 844) 98 1395) 192 803) 96
4* 598 643) 73 864) 140 643) 73
5* 694 222) 32 302) 62 233) 34
6" 807 102) 8 101) 16 7(2) 10
7t 1 2 2
Sumy_4_¢ 251 312 424 609 263 311

Sun, i/ Sumg, = 0.76 cf. QPM prediction of 76%
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" = 0= 15° 05p=30° 0p=45°
(keV) I expt( rel) [ calc( reI) I expl( rel) I calc( rel) l expl( reI) I cal& rel)
K™=4% 559 keV band and calculation for pupF/2 [523]+n1/2 [510] AT band
4* 559 1144) 977 864) 598 623) 387
5* 655 744) 478 735) 382 482) 228
6" 772 212) 46 322) 89 181) 45
SUMhang 208 1501 191 1069 126 660
Sum, i/ Sumg, = 0.16 cf. QPM prediction of 70%
K™=3" 815 keV band and calculation for pupF/2 [523]—n1/2 [510] AT band
3* 815 2135) 812 1334) 507 995) 334
4* 891 14Q5) 537 12610 411 823) 253
5* 985 483) 147 495) 165 382) 92
6" 1099 22 41 22
Sumy_;_s 398 1496 309 1083 218 679
Sum, i/ Sumy, = 0.28 cf. QPM prediction of 74%
K™=1"% 568 keV band and calculation for pupd/2 [523]—n5/2[523] AV band
1t 568 7.413) 6 12(2) 12 10.911) 6
2" 605 152) 10 192) 19 152) 10
3* 662 112) 11 225) 21 152) 14
4* 736 202) 9 285) 16 2Q1) 13
5* 832 3.98) 5 4.611) 9 5.911) 9
6" 943 2 3 4
Sumy—,_s 56 40 85 77 67 52
Sun, i/ Sumy, = 1.23 cf. QPM prediction of 88%
K™=6"% 722 keV band and calculation for pupd/2 [523]+ n5/2 [523] AV band
6" 722 24 46 26
7" 848 5.1198) 16 13.718) 30 7.19) 24
Sumy_- 5 16 14 30 8 24
Sum, i/ Sumg, = 0.38 cf. QPM prediction of 79%
K™=2"% 906 keV band and calculation for pupd/2 [523]—n3/2 [521] AU band
2" 906 363) 44 544) 31 231) 20
3* 961 35 262) 43 11.612) 24
4* 1030 16.114) 28 14.313) 46 8.810 25
5* 1115 4.5%11) 17 30 2.88) 18
SUMyps jevs. 56 89 94 120 47 86
Sum, i/ Sumy, = 0.67 cf. QPM prediction of 62%
K™=5"% 926 keV band and calculation for pupd/2 [523]+ n3/2 [521] AU band
5* 926 79 464) 67 221) 41
6" 1038 13.814) 34 19.818) 63 12(2) 34
SUMyps jevs. 13 34 66 129 34 74
Sum, i/ Sumy, = 0.48 cf. QPM prediction of 62%
Km=3" 592 keV band and calculation for pupg/2 [523]—n1/2"[521] AY band
3* 592 742) 785 581) 423 351) 317
4* 672 121) 213 232) 196 131) 118
5* 770 64 110 59
6" 884 24 45 3,68) 28
SUMyps jevs. 87 998 80 619 52 463

Sun, i/ Sumg, = 0.11 cf. QPM prediction of 18%
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TABLE X. (Continued.

" = 0= 15° 05p=30° 0p=45°
(ke\/) Iexpi( reI) Icalc( rel) Iexp( rel) Icalc( reI) Iexp( rel) Ical& rel)

K7=5" 264 keV,p7/2 [523]+n3/2 [521] AU component

5+ 264 215) 76 396) 61 236) 36

6+ 380 884) 29 1105) 57 773) 30

7+ 514 543) 15 844) 28 483) 16
SUMyang 163 120 233 146 148 82

SUMyyp/ Sum = 1.56 cf. QPM prediction of 30%
Km=5" 264 keV,p7/27[523]+n5/27[512] K™=6"% component

5* 264 Calc. fork =6 only

6" 380 884) 147 11@5) 292 713) 144

7 514 543) 152 844) 299 483) 152
Sumy_g_7 142 298 194 591 125 296

Sum, i/ Sum = 0.39
K™=2"* 430 keV bandp7/2 [523]—n3/27[521] component

2" 430 294) 43 223) 29 15.618) 18
3* 482 33 40 4.614) 22
4+ 548 834) 25 593) 42 382) 23
5* 634 453) 15 374) 28 222) 16
SUMys fevs. 157 83 117 99 80 79

Sun, i/ Sumy, = 1.36 cf. QPM prediction of 42%
K™=2"% 430 keV bandp7/2 [523]—n5/2"[512] K™=1" component

2" 430 294) 76 223) 149 15.6198) 74
3" 482 98 192 4.614) 96
4* 548 834) 73 583) 140 382) 73
5* 634 483) 32 374) 62 222) 34
SUMyps jevs. 157 181 117 351 80 277

Sum, i/ Sumyg = 0.44
K™=2"% 430 keV bandp7/2 [523]+n1/2[510] K™=4" component

2+ 430 294) 22(3) 15.618)

3* 482 Calc. is forKk =4 only

4% 548 834) 977 583) 598 382) 387

5* 634 453) 478 3714) 382 222) 228
SUMyps jevs. 157 1455 117 980 80 615

SUMyy e/ SuMz = 0.09

SExperimentalE g, andl ,p(rel) from Table III.

keV 77, 264 keV 5", and 295 keV 8), our experimental these papers are listed in Sec. I. Ours is the first to discuss
measurements have provided more precise level energies ftrese negative-parity bands systematically and to account for
higher rotational levels and new placements of depopulatinglmost all bands expected up to about 700 keV.
v transitions. The existence of these bands is just as reliably Finally, we present evidence for the existence of eleven
known as for the nine bands just discussed. In fact, the chardditional bands, some of which have not been identified
acterization of the three bands, in terms of 2QP componentgreviously and others where either very limited information
is quite certain. was known previouslye.g., the identity of 1 or 2 levelor

Of the 12 rotational bands we have cited as most reliableyhose level structure has been significantly changed from
all have positive-parity except for the two lowest lying previous interpretations. In the process of establishing these
bands. In their 1970 paper, Bollinger and Thorfis3], using  bands, several new levels have been identified. Comments on
their own data and drawing upon previous wf®kl1], made specific details in the interpretation of each configuration in
accurate descriptions of all of these bands. Most of theirt®Ho are given in Sec. VIB that follows. The evidence for
proposals for negative-parity bands, however, have notertain levels, previously proposed but with reservations as
proven to be correct, presumably due to the quality of theo their reliability, e.g., those at 740.9, 759.5, and 771.5 keV
data at that time. Since then several papers have addresde&j25], is now judged to be insufficient to support their exis-
the question of additional negative-parity bands'ffHo; tence. In all of the bands determined experimentally in
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TABLE XI. Experimental and calculatedd(®He) cross sections.

" Elev 0p=30° 0p=40° 0,=50°
(keV) I exp( rel) I calc( rel) l expl( reI) l cal(( rel) l expl(rel) I cal(.( reI)
K™=0" 0 keV band and calculation for puge/2 [523]—n7/2"[633] AZ band
(o 0 0.2 0.2 0.1
1 82 0.5 0.4 0.0 0.3
2" 54 1.15) 1.2 1.33) 1.1 1.53) 0.8
3" 171 2.88) 2.9 3.16) 2.9 2.06) 2.1
4- 180 7.811) 4.2 4.47) 4.4 4.56) 3.1
5~ 330 3.99) 3.8 2.26) 4.1 3.a5) 2.8
6 378 2.2 2.3 1.6
7 558 0.8 0.8 0.6
SUMyps. levs. 15.6 12.1 10.6 12.5 11.0 8.8
SUMyyp/ Sum = 1.11 cf. QPM prediction of 95%
K™=7" 6 keV band and calculation for puge/2 [523]+n7/2"[633] AZ band
7 6 8.510) 4.1 4.86) 3.8 5.26) 2.8
8" 138 10.011) 7.1 8.27) 7.5 9.67) 5.2
9 287 7.510 4.9 5.17) 5.3 6.96) 3.7
Sumy_7_o 26.0 16.1 18.1 16.6 21.7 11.7
Sum, i/ Sumy, = 1.48 cf. QPM prediction of 83%
K7™=3"% 190 keV band, assumgull/2*[411]—n7/2"[633] CZ component
in assignedp7/27[523]—n1/27[521] AY band
3* 190 3.99) 12.1 2.86) 8.4 3.85) 5.8
4* 261 7.2 4.6 3.8
5* 348 2.06) 2.2 1.23) 15 1.2
6" 454
7t 577
SUMyps. levs. 5.9 14.3 4.0 9.9 3.8 5.8
SUMyyp/ Sum = 0.46 cf. QPM prediction of 31%
K™=5% 263 keV band and calculation for pup8/2"[411]+ n7/2*[633] BZ band
5* 264 33.018) 60.7 22.211) 37.1 16.213 31.9
6" 380 21.816) 40.3 12.49) 25.3 14.08) 21.6
7t 514 11 1.2 0.7
Sumy_sg¢ 54.8 101.0 34.6 62.4 30.2 53.5
SUMyp/ SumM = 0.55 cf. QPM prediction of 60%
K™=2"% 430 keV band and calculation for pup8/2"[411]—n7/2*[633] BZ band
2" 430 17.015) 26.9 11.111) 16.5 9.@8) 14.4
3* 482 22.019 35.6 12.111) 221 10.79) 19.2
4* 548 8.311) 22.0 5.67) 14.1 4.76) 12.1
5+ 634 2.89) 7.2 2.46) 4.9 2.85) 4.1
6" 733 2.18) 1.2 1.24) 1.0 0.7
7t 0.1 0.1 0.1
Sumy—,_4 47.3 84.5 28.8 52.7 24.4 45.7
Sum, i/ Sumg, = 0.55 cf. QPM prediction of 50%
K™=3"% 592 keV band and calculation for pupd/2*[411]—n7/2*[633] CZ band
3* 592 3.68) 9.2 2.06) 6.5 1.53) 4.7
4* 672 2.99) 5.5 1.64) 3.6 1.13) 3.1
5* 770 1.7 1.2 1.0
6" 884
Sumy_z4 6.5 14.7 3.6 10.1 3.2 7.8

Sun, i/ Sumy, = 0.41 cf. QPM prediction of 69%
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TABLE XI. (Continued.

" Elev 0ap=30° 05p=40° 04p=50°
(ke\/) Iexpl( re') Icalc( rel) Iexp( rel) Ical(( re') Iexpl(rel) Icalc( rel)

K™=4"% 719 keV band and calculation for pupd/2*[411]+n7/2*[633] CZ band

4* 719 7.311) 11.0 3.86) 7.8 4.76) 5.7

5* 807 4.9 2.06) 3.2 2.8

6" 911 0.8 0.6 0.5
Sumy_, 7.3 11.0 3.8 7.8 4.7 5.7

Sum, i/ Sumy, = 0.64 cf. QPM prediction of 85%

®ExperimentalE,e, and | ¢,,(rel) from Table IV.
bAdoptedE,q, from Table II.

16640, the rotational parameters are well-behaved. In manyn the bands could be undergoing significant mixing, causing
cases, the parameters show slight variability with increasinghe observed deviations.

spin, either decreasing or increasing in a more or less linear

fashion. In these bands, one can fit level energies using a B. Rotational bands

power series in(l1+1), i.e., using the formuld&(l)=E,
+Al(1+1)+BI?(1+1)2 The coefficients A and B can be
obtained if three or more energies are known. Others exhibit
an odd-even alternation that is frequently encountered in Our yy-coincidence spectra confirm earlier resyit9]
odd-odd nuclei with loweKK values, e.g.K=1 andK=2  regarding level depopulatiofirable Il). Although not ob-
[49]. The energy levels in these bands can be fit using theerved directly, a 9.39-keV transition between #80.4 keV
formula E(I)=Eq+AI(I+1)+D(—-1)'I(1+1). The ob- and 3 171.1 keV levels is expected since seveyal coin-
served alternation can be understood in terms of the Coriolisidences found in a 116 keV gate are possible only if this
mixing of these bands witiK=0 bands that have appre- transition exists.

ciable Newby shifts, either directly or through intermediates. Evidence confirming the two-quasiparticle assignment for
Once the coefficients in the above formulas have been detethis band is obtained from thed(p) and (d,%He) results.
mined, one can predict the energies of higher lying levelsPopulations of band members with spins1 through 5 in
E(4) and above. For those bands’fffHo where more than both the d,p) and d,%He) reactions, with summed intensi-
three level energies are known, we find the first rotationaties comparable to those expected for a ppi®2 [523]
formula given above has the better predictive power for two—n7/2"[633] two-quasiparticle statéTables X and X), in-

of our K=3 (3"AY) andK=4 (4"AY) bands, as well as dicate the proton occupies the7/2"[523] orbital and the

for the 1"AX band. The remaining bands, three with=1,  neutron occupies the7/2"[633] orbital, as in the'®*Ho and

two with K=2, and one withK=3, are best fit using the 87Er target ground states, respectively. There may also be
second rotational formula with its term whose sign alternatesveak populations of the 6and 7~ band members in both
with increasing spin. We list the values derived for the rota-reactions, but these would be obscured by much stronger
tional parameters for various bands in Table VIII. unresolved peaks.

Most of the experimental values show good agreement
with rotational parameters modeled using our simple, semi- . __ _ + )
empirical model. With this model, one derives a single value KT=T"(p72"[523+n7/27[633)); 6, 138, and 287 keV (AZ)
for the rotational parameters of a pair of GM partner bands. In earlier transfer reaction data, thé 787, 9 levels of
In the special case of GM partners whév§ =1, the bands this band were seen in theal,p) and ¢,«) spectra with
may interact through Coriolis mixing, principally with each errors of about 5 keV. These levels are observed with greater
other. If this is the case, the observed rotational parametefgrecision in our new reaction data; e.g., from odry) data,
will be displaced from some mean value, with the higherthe 7  level has the energy 6.225) keV. A more precise
energy band exhibiting a larger parameter and the loweenergy for this level, 5.98) keV, was previously deter-
band exhibiting a correspondingly smaller rotational param-mined by Balodiset al. [15] from y rays populating and
eter. As can be seen in Table VIII, this is indeed the case fodepopulating the band. The present best value for this level
the band pairs: 3,4"AY, 17,2 BY, and 1,0 CY. Onthe energy is 5.97(2) keV. Our placement of a 280.61) keV
other hand, the relative magnitudes of the parameters of thieansition permits a more precise definition of the9 level
band pairs: 4,3"AT and 3",4"CZ are opposite to that ex- energy, 286.9@.0) keV.
pected from this simple model. This behavior may appear to As for theK™=0" band discussed above, the observation
be anomalous because the levels labeled with a single cowf levels in thisKk”=7" band in both single-nucleon transfer
figuration may not have dominant components of the asreactions, with summed intensities comparable to those
signed configuration, as seen from the single-nucleon tranexpected for a purep7/2 [523]+n7/2"[633] two-
fer reaction datdespecially the AT pajr Other components quasiparticle state(Tables X and X), confirms the

K™=0"(p7/2"[523]—n7/2*[633]); 0, 82, 54, 171, 180, 330,
378, and 558 keV (AZ)
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previously-known two-quasiparticle assignment. The cros®and were assigned at energies of 693, 771, and 867 keV.
sections for this band and the one discussed above are relarom our experimental data, we are unable to corroborate the
tively weak in both reactions because the populations arexistence of 3 and 4 levels at 693 and 771 keV; we have
mostly high angular momentum transferslef5 andl=6. identified a level at 868.27 keV that is assigned as Ithe
Often the populations of low-lying, hightransfers are even =4~ member of a different band.
greater than predicted for the pure configurations, due to Co- This K™=2" band, as presently constituted, is assigned
riolis mixing with higher-lying bands involving otherh,;,  the 2 (p3/27[411]+n1/2 [521]) (BY) configuration. The
or li,5,, orbitals. Such mixing effects have not been includedobserved rotational parameter for the baAd;11.1 keV,
in the calculated values here. matches that of its 1 BY GM partner. Our semiempirical
model predicts this band will occur at 58000 keV. band.
K7=1"(p32*[411]—-n1/27[521]); 373, 416, 476, 563, 658, The QPM calculationgTable 1X) predict minimal mixing
and 789 keV (BY) for both BY bands, consistent with the experimental obser-
The bandhead level for the above configurationk® vation that th(_ase bands are not_p_opulated by single-nucleon
=1~ level at 373 keV, was identified in the earliest studiest'@nSfer reactions. The GM splitting between the two BY
of 18%o [9]. It was thought by these authors to have nega2nds is 265 keV, not including rotational corrections. While
tive parity and a spin of 0 or 1 with configuration one rr_ught try to explain this large splitting by citing an in-
0,1 (pL/2'[411Fn1/2 [521]). Sheline et al. [21] pro- teraction between the 544-keV and 638-keV bands, there is
posed ak”=1" band of five levels, beginning at 373 keV little evidence that these are mixing with each other. Our

and with a T (p3/2*[411]—n1/2-[521]) configuration as- QFM calculations indicate mutual admixtures &f1%.
signment. Their first three levels agree with our interpreta-Whereas larga | = 2 transitions are observed between levels

tion, but we differ as to thé=4 and 5 levels in the band. ©f the 544-keV band and the Oground-state band, analo-

' [gous transitions are not observed in the depopulation of the
638-keV band. Shelinet al.[21] assigned the bandhead for
this configuration to a level at 562.94 keV; additional levels
]in the band were not identified. Our data show strong evi-
I%ence for the existence of the level, but our interpretation
places this as thel=4 level in a 1 (p3/2'[411]]
—nl1/27[521]) band.

Balodiset al, having proposed the present configuration fo
this band in 197323], first published the above level se-
qguence in 198815].

Our yy-coincidence data have allowed the placement o
several new depopulating transitions. These transitions a
split between feeding levels in thk™=0" ground-state
band and feeding lower levels within the BY band itself. No
other attractive possibilities exist for the deexcitation of this
K7™=1" band. We present evidence for transitions de- K™=5"{(p7/27[523]+n7/27[633])—Q,4}; 431, 530,
populating thd "=6" level in the band at 788.6112) keV. and 644 keV (AZg)

The rotational parameters for the band, while close to the
predicted value, show some slight alternation which can b
attributed to Coriolis mixing wittK”=0" bands. The phase

of this alternation is consistent with mixing between this

K7=1" band and either or both of the W6™=0" bands  _ 155 2nd 167 nuclei ar@7/27[523] and n7/2+[633).

reported at 0.0 and 659.0 keV. vihrati T _ ot
Of the two different configurations assigned to this bandThus' they-vibrational states haver=3/2" or 3/2 and

. 2 occur at excitation energies ranging from 515 keV to 570
by previous authors, 1(p3/2°[411]—n1/2 [521]) (BY) . -
and 1 (pl/2°[411]+n1/2-[521]) (CY). we prefer the keV. We should, therefore, expect to find analogous states in

former since this is predicted by the semi-empirical model 16840, Energetically, the lowest of these would be those built
Moreover, the BZ doublet lies lower than the CZ doubletUpon the two AZ rotational bands that occur at 0 ke/”(

o P . o ) =07) and 6 keV K™=7"7). Of this expected pair of vibra-
which is a good indication of relative excitation energies fortional states, the lower, a ned”™ =5~ band, is proposed to
the B a_nd C proton states. No S|gn|f|cant t_ransfer reaCtIor&onsist of the three levels listed above. The existence of the
population has been detected, consistent with a(8YCY)

: i : two lower levels in this band was reported previoushp].
assignment. The twod(p) peaks that might be assigned to Detection of the bandhead at 431 EBI?OkeV is made%?%i-
levels here are easily explained by close-lying levels in :

. cult by the presence of an interfering level at 430.0 keV that
bands with a 7/2[523] proton. dominates in the ARC andd(p) spectra. Nevertheless, our
e . B _ yvy-coincidence data provide evidence for the existence of

K7=2"(p327[411]+nY/2 [521]); 638, 705, the 431.2-keV bandhead. The two higher levels listed above
and 793 keV (BY) do not suffer any interference and are seen in tHe)

The negative-parity levels listed above were first detectedpectra, although they are weak peaks. For both levels, sev-
in the ARC measurements of Bollinger and Thorfib3]. Of  eral depopulatingy transitions allow determination of pre-
the transitions that depopulate these levels, several are sugise level energies. These transitions all feed high-spin, high-
ported by our coincidence datdable ll). In the paper of K levels in lower bands.

Bollinger and Thomas, the 638-keV level was proposed as a We assign the configuration “$(p7/2 [523]
K7™=2" bandhead, but with a different configuration, +n7/2"[633])—Q,,} because it is expected to occur well
namely 2 (pl/2411]—n5/2512]). Additional levels in the  below any otheK”™=5" state, probably somewhere close to

In each of the oddh nuclei neighboring'®®Ho, there is
%xperimental evidence for a relatively pure, low-lying,
v-vibrational state built upon the ground-state quasiparticle
configuration. The ground-state configurations of thése
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the excitations found for thg-vibrational states in the neigh- The details of depopulation of the levels are somewhat
boring oddA nuclei, ~550 keV. Other 5 configurations, mixed, but the overall pattern is to feed two ldvbands,
e.g. two-quasiparticle states such asp7/2 [523] 17BY and 2"BZ. The rotational parameters exhibit an odd-
+n3/2[651]) AW or (p3/2 [541]+n7/27[633]) DZ, are  even alternation that is characteristic of Coriolis mixing with
expected to occur at energies above 800 keV and ranging=0 bands. Using an alternate-sign rotational formula ap-
well beyond 1 MeV[62]. There can be some mixing of these propriate to a perturbeld = 1 band, we obtait\=8.581 keV
two-quasiparticle states into the 5y-vibrational state, but and D=-0.216 keV. The band is assigned a
this is expected to be a minor effect because the states afle (p1/2411]+n1/2521]) configuration which is predicted
somewhat far apart in energy and the experimental data d@ occur at 585 keV by our semiempirical model. This same
not reveal any significant strength in single-nucleon transfepand has been identified i°Tm where it also exhibits a
reactions. On the other hand, our QPM calculations suggesfegative value for thd® coefficient[63]. This observation
the major Strength of a5state OCCUrring at 450 keV lies in he|ps to d|st|ngu|sh the presenf(DY band from the IBY

the AW configuration(81%) with only a minor amount of pand at 373 keV that has a positiecoefficient.

vibrational naturé6% AZg). The observed rotational param-  shelineet al. [21] have proposed this ICY configura-
eters of the 5 vibrational band match the observed values oftjon exists in%®Ho at 350.61 keV: they have identified five

the 7~ AZ band which is to be expected for a vibrational hand members. There are several criticisms that can be made

state in an odd-odd nucleus. of this assignment(1) No ARC peak appears in the spectra
for the proposed 21CY level at 390.09 keV(2) The y rays
K™=27{(7/27[523]—-n7/2*[633])+Q,,}; 544, 597, 668, assigned to these levels are, for the most part, extremely
and 758 keV (AZg) weak. The putative bandhead at 350.6 keV has a counterpart

The four levels listed above have been detected previl the17=1" level at 373.2 keV. Both levels are fed pre-
ously in thermal neutron and resonance neutron capture megominantly by a cascade mechanism which provides statisti-
surements. Their existence as members of a single rotationf! averaging so that w&™=1" bandheads will exhibit
band was first proposed by Balodital.[15] who suggested comparable stre.n.gth in the summed intensities of their de-
that the band has a largevibrational component built upon Populating transitions. But, experimentally we see that the
the 0~ ground-state band. There is no evidence that any ofotél intensity out of the 373-keV bandhead is 2i0 arbi-
these levels are observed in the single-nucleon transfer reaff@ry unit9 whereas the bandhead proposed by Shesired.
tions, but for several members it is possible that weak popu'S depopulated by transitions totaling only 0.16 units. Thus,

lations could be obscured by strong peaks from unresolvety® consider the evidence for the proposed band at 350.6 keV
levels. as questionable and we do not include it in our version of the

The band is considered to have a {2p7/27[523]  €xcited levels oft**Ho.
—n7/2"[633])+ Q,,} configuration. Consistent with this
postulation, a large fraction of the-ray depopulation of K™=0"(pV2*[411]-n1/27[521]); 659, 775, 726, 881,
each level in the band feeds levels of thé=0" band, the and 868 keV (CY)
base configuration for this vibrational mode. The observed

rotational parameters agree with those of e5 GM The levels listed here are assigned to a né=0

. . and, previously unidentified it?®Ho. All of these levels are
partner of this band and with those of the ground state banﬁew’ although previous authors placed levels close to the

(AZ) upon which they vibration is based. As with the pre- .
vious band, the predominantly vibrational character of this.crdIes of the three uppermost levels reported here. Level

) . epopulation tends to favor feeding of levels in l&bands,
band that has been dgmonstratedwe_xpﬁrlmentally Is at Odéejs.g., I'BY and 0 AZ, as well as the structurally similar
with our QPM calculation where K™=2" band occurring

at 530 keV is suggested to have 62% quasiparticle AW charl_ CY band. The ARC data confirm the existence of the

acter with a minorv-vibrational component. 26% AZ =2, 3, and 4 levels. There is no evidence that any of these
Y P ' 9 levels are populated in single-nucleon transfer reactions. Evi-

. . _ ] dence of thd =0~ bandhead at 658.99) keV is sparse; its
K7=1"(p¥27[411+nV/27[521]); 596, 628, 684, existence must be considered tentative. The rotational pa-
and 742 keV (CY) rameters derived fromXl = 2) level spacings begin at 11.11
Of the four levels assigned to this band, the upper thre&eV and decrease appreciably with higher spin; they match
have been identified previousljl3]. The bandhead at the predicted value of 10.31 keV reasonably well. The ex-
595.8415) keV, a level whose existence is supported by fourperimental Newby shift for this band i547.1 keV, as com-
depopulating transitions, was first assigned to the configurgpared with a predicted value af31 keV[5].
tion listed above by Balodif25]. Several new depopulating Shelineet al. [21] have proposed thiK™=0"CY con-
transitions are assigned to the upper levels. The present diguration exists in'®®Ho at 525.37 keV (=0): they identi-
rangement of levels in &"=1" band was also first pro- fied six members of the band. The energy spacings between
posed by Balodi$25]. The ARC data confirm the existence various band members are quite regular and are compelling
of thel =2, 3, and 4 levels. There is no evidence for signifi- evidence for the band’s existence, if taken alone. Neverthe-
cant population of any of these levels in the single-nucleoriess, the patterns of de-excitation proposed for various band
transfer reactions, but for some members any weak populanembers are startlingly different, so much so that one must
tion would be obscured by large peaks for unresolved levelsassign members of the ensemble to at least two distinct con-
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figurations. Thd =0,1,2,4 levels all deexcite to negative par- component of the band. Table X shows that the summed
ity levels. Thel=3 and 5 levels both de-excite to positive (d,p) intensity for this band is in excellent agreement with
parity levels(with one exception of one transitipnThis is  that predicted.

an unphysical situation if one tries to assign all levels to the

same band. Thus, the evidence fdK@=0" band at 525.37  k7=5*(pz2*[411]+n7/2*[633]) and (p727[523](p72 [523]

keV is questionable and we do not include it in our version +n3/27[521]); 264, 380, and 514 keV (BEAU)

of the excited levels of*®®*Ho. However, we do recognize
that certain pieces of experimental détag., ARC spectra Th
point to levels with energies close to those proposed by Sh
line et al. for this band. Generally, we have identified a dif-

This band has been characterized in previous stud@&s
Thel m=5" pbandhead is well established by two depopulat-
ei‘ng transitions, one of which had 2 multipolarity and leads

energies close to those claimed for the2,3,4,5 levels in  jo  the 257.8-keVM2, that links this bandhead with the
the 0" CY band, but with different spins and configuration jsomeric level at 6 keV. Schillingt al.[64] have set a limit
assignmentsand, in one case, different parity of t;,<0.5 ns for the half-life of this % bandhead. How-
ever, the Weisskopf estimate for the partial half-life of the
K™=3"(p1/2*[411]+n5/2—[512]); 760, 838, and 935 keV 257.8 keVM 2 transition (,=0.26) is about 350 ns. Assum-
(tentative band) (CX) ing that the total depopulation intensity of the 263.8 keV 5

The assignment of several depopulating transitions prol-evel is about 5, we abtaity,= 15 ns. This value is at vari-

vides good evidence for a level at 760.875keV, appar- ance with the upper limit of Schillingt al. According to a
ently the bandhead of §™=3~ band Thése trans'itions dis- private communication of these authors, their value could be

play patterns of decay to levels in the bandsAZ, 3 AY, mc\(/)\;(reectr:uoesgorfg\?v \;eerB,Ii Vﬁnag'r:?ste;i';égf ;hgetrinilltgzirr]]s.
and Z AZg. The upper two levels, whose existence is more prop 9 y Pop 9

tentative, occur at energies that indicate a regular rotation%r;:; I:eSeEIir:ai(Zr Iieevsel%t:;\% gi%% ier;[cejrgmgfgég;)n?;%pre'
spacing withA~=9.7 keV. There is no evidence that any of gles, : ) '

L These levels were also identified in previodsf) and ¢, «)
these levels are populated in single-nucleon transfer reac-
tions. The most likely configuration for this band is s?eB(:?t;a{sli,l\?._Althct)ugh t:\eg,fp) peg}k zofr thth (rineemlbetr
37 (pl/4411]+n5/2512]) (CX), based upon a predicted a - KEV 1S not resolved rom that for the bevel at -
energy of 799 keV and a predicted rotational paraméter 377._8 keV, the latter is expected.to have an almost nggllgmle
=10.8 keV. It is also possible that another configuration,'craCtlon of the observed intensitisee Table X The im-

- . proved resolution of the currentl{p) measurements has al-
3 (p1/2541] —n7/2633]) (EZ) plays a role here. lowed thel "=5" member at 263.8 keV to be detected near

the more strongly populatddKk "=4,3" level at 260.7 keV.

K7=3"(p7/27[523]-n1/27[521]); 191, 261, 348, 454, The levels assigned to this band were also identified im)(
and 577 keV (AY) spectra.
The depopulation scheme for levels in this b&fieble 1) Motz et al.[9] concluded that this band is an admixture of

is essentially identical with that determined in previous studiwo configurations, i.ep3/2*[411]+n7/2"[633], which is
ies[19]. It has a very strongd,p) population, as expected Predicted to occur close to the banc_jhead energy _of 263.8
from its previous assignment as predominantly akeV, andp7/27[523]+n3/2"[521], which could contribute
p7/27[523]—n1/27[521] two-quasiparticle state. The mea- to the d,p) population of the band. Additional strong ex-
sured relative ,p) intensities have been normalized to ex- perlmental_ evidence for the first of these components has
pected cross section values for this band, as explained i@€en provided by t(«) data and discussed by Dewberry
Table I1l. This band is also observed in thet He) reaction, €t al. [12], as well as by the presentj,@He) results. Al-
probably because of a minqrl/2*[411]+n7/2°[633] ad- though for each of these proton—_plckup reactions thie 5
mixture, but the cross sections expected for pickup of a 1/2andhead has the strongest peak in the spectra, the absolute
+[411] proton(from above the Fermi surfagare too small  (t,@) cross sections are only slightly greater than half the

for reliable quantitative estimates of the admixture to bevalues expected for a pured/2'[411]+n7/2"[633] con-
made. figuration. This result is reproduced by the present QPM cal-

culations(Table IX) which show a 60% admixture for this
. _ _ _ configuration and a 30%7/27[523]+n3/2 [521] compo-
K7=47(p72"[523]+nl/27[521]); 372, 471, 588, nent.[The (d,%He) intensities in Table IV were normalized
and 723 keV (AY) using this band and its GM partngr.

Previous studies have established the three lowest levels In spite of the good agreement for the component de-
in this band[19]. We have found evidence for a level at scribed above, thed(p) data appear to indicate the situation
723.25618) keV that we assign to the=7 member of the is more complex. The comparison of observed and expected
band. This band is very strongly populated in thiep) re-  (d,p) intensities in Table X shows not only that the observed
action, and includes the strongest peak in the spectrum dfistribution of intensity among band membefmgerprin}

Fig. 6, thus supporting the existence and main structuraloes not resemble that expected for tip&/27[523]
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+n3/27[521] configuration, but that the observed strength isquasiparticle components, instead of the two in previous in-
much larger than expected, especially for the spin 6 and Terpretations.

members. The calculated values are rather weak because the

3/27[521] orbital is below the Fermi surface. In searching K7=2*(p32*[411]-n7/2*[633] and (p72[523](p72—[523]

for a possible explanation for the largé,p) intensities one —n¥27[521]); 430, 482, 548, 634, and 733 keV

could consider @7/2 [523]+n3/2"[512] admixture, as the (BZ+AU)

3/27[512] orbital is above the Fermi surface and should

: . Evidence for the first four levels in this band has been
have large cross sections. However, it would be expected at a ; : e
. established previously19]. From ouryy-coincidence data,

e find good agreement with the transition-placement data
i KT — 5t

the .(d:p) strgngth o-bservedjn this™=5 7band could be for these levels. We have identified th& éotational level in
Coriolis mixing with p7/27[523]+n1/2'[521] and/or  ihig pand for the first time at 732.549) keV, based upon

p7/27[523]+n1/27[510] configurations. The latter two genopulating transitions and observation in tde*te) and
both have large predicted cross sections, but would hav&’a) spectra.

much stronger intensities for the spin 5 member than for the Eyidence for configuration mixing in this band is pro-

spin 6 and 7 ones, contrary to experiment. A much morejided by the observation of peaks in three direct-reaction
satisfying explanation, and one involving some interestingspectra, those of thal(p), (d,®He), and ¢, «) reactions. As
physics, is that the strong populations observed for the spin for the K™=5* GM partner of this band, described above,
and 7 members arise from Coriolis mixing between thethe proton pickup reactions are consistent with a
p7/27[523]+n3/2"[521] component and the nearb™  p3/27[411]—n7/27[633] admixture of slightly more than
=6", p7/27[523]+n5/27[512] band at 295 keV, which is 50% in this band. Also, as for the"5band, the QPM calcu-
described in a following subsection. The8/2 [521] and lations of Table IX predict a mixed configuration for thig 2
n5/2[512] orbitals are coupled by a fairly large Coriolis band, including admixtures of 50% p3/27[411]
matrix element{j _), of about 2.8 keV. Earlier Coriolis cal- —n7/2°[633] and 39% p7/2"[523]—n3/2 [521]. How-
culations [22] showed no appreciable mixing of thé”™  €ver, a quantitative examination of the, p) data shows that
=6" band with any other configurations, but in that case thdhis K”=2" band must also contain other admixtures than
p7/27[523]+n3/27[521] state had been placed at a higherthese. The comparison of observed and expected intensities
energy, near 1 MeV, on the basis of simple model expectaS€€n in Table X shows a very anomalous pattern. The 2
tions. Sample Coriolis calculations performed in a similarP@ndhead is populated significantly, having intensities that
manner for the present study, but with tpg/2 [523] could be compatlble with @7/27[523]—n3/2 [521_] band-
+n3/27[521] band placed at 264 keV, exhibit quite large head.dThe 3I level 'Sf pr:)purllated S0 Iweakly th‘?]t I VrV]?S_Ot?'
mixing between thes&™=5% and K™=6" bands. In the s:arve at. on yfoEe ofthet reeTﬁnP;s, e\t/)en.t oug I't |so:n a
actual situation, there is not a pur@7/27[523] clear region of the spectrum. The 4nember is populate

_ i . very strongly and the 5 one quite significantly. There is no
+ r)3/2 [521] two-quasiparticle state at 264 keV, but °r!'¥ a pure two-quasiparticle configuration predicted to have such a
(minor) component of one. The reduced amount of mixing

. X fingerprint pattern, and the total strength is far too large for
due to such a component was simulated by reducing thﬁny reasonablep7/2 [523]—n3/2 [521] admixture. It

valug of the attenuation gogfficient by vyhich the Coriolis ggems very likely that the large strength for thé kevel
matrix elements were multiplied. Calculations performed USwhich is at 548 keY arises from some type of mixing with
ing the standard formalism[65] for ordinary two- the close-lying 4 level at 559 keV, which is tentatively
quasiparticle bands showed significant mixing but very littleassigned below as the7/2 [523]+n1/2-[510] bandhead.
transfer of @,p) strength between the bands because therghe populations of these two levels in thi o) reaction are
was constructive interference for th@lready large K™  similar to each other, and in thel GHe) reaction they are
=6" intensities and destructive interference for floeigi-  almost identical to each other, consistent with a very strong
nally weak K™=5" ones. However, the QPM prediction mixing of their wave functions. The 5 members of these
showed that the phase of tp&/27[523]+n3/27[521] com-  bands, at 634 keV and 655 keV, are also both observed in
ponent at 264 keV is of opposite sign to that of the pureboth reactions, consistent with appreciable mixing for these
two-quasiparticle statée.g., as predicted with the residual levels as well. It thus appears that the large unexpeacgu) (
interaction switched off and therefore opposite to that used strength observed in thik™=2" band is likely some of the

in the Coriolis mixing calculation mentioned above. With the “missing” strength from the p7/27[523]+n1/27[510]
phase of this component reversed, typical predictions havband at 559 keV. The exact nature of the mixing is less clear,
30% to 50% of the strengths for tH€™=6" band trans- as significant amounts of strength appear to have been trans-
ferred to theK”=5" one. This reproduces the observationsferred between bands withK=2. If this occurred via the
shown in Table X, where the'6and 7" members of the Coriolis interaction the process could have involved one or
K™=5" band have about 39% of the total cross section exmore of theK”=3" bands as intermediaries.

pected for the corresponding members of a pife=6", Analogous to the situation for the GM partner described
p7/27[523]+n5/27[512] band.(The same spin members of in the previous subsection, it is likely that tipg/27[523]

the K™=6" band, discussed below, have about 58%his  —n3/27[521] component in the 430 keV band mixes by
implies that the 264 keV band has three significant two-Coriolis coupling with the K™=1", p7/27[523
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—n5/27[512] band at 426 keV described below. In this case,angular dependence of intensifiyable X) support this inter-
with the phase of thgp7/27[523]—n3/27[521] component pretation. By default, the . band at 568 keV is assigned the
opposite to that of the pure two-quasiparticle state, as prezonfiguration ¢7/2°[523]—n5/27[523]). Each band con-
dicted by the QPM, the sample Coriolis calculation showstains about 10% of the other dueAd& =0 mixing. As men-
there is no significant transfer ofd{p) strength between tioned earlier, the 426 ke\K™=1" band also has appre-
these two bandgThis is consistent with the observation that ciable Coriolis mixing with thep7/2 [523]—n3/2 [521]
theK™=1" band appears with the full strength expected forcomponent of the&K "=2" 430 keV band, but there is very
the pure two-quasiparticle statefo summarize, there are little transfer of @,p) strength between these bands. The
probably four different two-quasiparticle configurations thatsummed @,p) strength(Table X) agrees well with the value
have appreciable components in the 430 keV band; the majgjredicted for the pure two-quasiparticle stdfhis is unlike
p3/2"[411]—n7/2[633)] one responsible for thet,(@) and  the situation for thek "=5* andK™=6" GM partners of
(d,*He) populations, the7/2°[523]-n3/27[521] one in-  these bands, for which there was significant transfer of
troduced by the residual interaction as calculated in thetrength. The overall behavior of the Coriolis mixing for
QPM, ap7/27[523]+n1/27[510] one for spinl=4 mem- these four bands nicely explains the observation that the
bers due to mixing with the very close-lyif§"=4" band  summed intensity for th&”=1"* band is about 50% larger
[needed to explain thed(p) intensities for the 4 membel,  than that for itsKk"=6" GM partner.(Without significant
and thep7/27[523]—n5/27[512] admixture predicted by mixings a band is expected to have a single-nucleon transfer
Coriolis calculations. strength similar to that of its GM partngit should be noted
that these assignments are in agreement with both our simple
K™=6T(p7/27[523]+n527[512]); 295 and 424 keV (AX) semi-empirical model and our QPM calculations.

The 7 rotational level in this band, previously known
only very approximately, has been established with an en- K7=4%(7/27[523]+1/27[510]); 559, 655,
ergy of 423.65410) keV using our (1, p) reaction results and and 772 keV (AT)

depopulating transitions. The rotational parameter fqr this The lower two levels listed above were first identified as
band,A=9.18 keV, shows better agreement than previously=_ 4+ ng 5+ Jevels and were assigned to the above-listed
with the modeled value in Table VIII, 9.66 keV, and with configuration by Bollinger and Thomag13]. Our

Fhat Of. its€) i.Q“ .doyble't counte.rpart, 9.62 kerV. The,0) y7y-coincidence data are consistent with the previously as-
'(jn;ﬁ:rs]g?rggs gféﬂ?ugfqhﬁgoﬁgidstrign?h?'(%e?r/'g[?zg?t thesigned depopulating transitions; we add several more. These
+n5/24512) C(I)Onfi uration but, as mentioned above, there Ve (WO evels appear in botft(p)- and @.’He)-reaction
-ontig ’ e data. We propose a new levélP=6", at 771.778) keV,

seem: to 96 significant loss of strength by Coriolis mixing ©hased upon three depopulating transitions observed in the
theK™=5" band at 263 keV. yvy-coincidence data. Resolution of this level from Eh
+ _ _ =57 level at 769.5 keV was facilitated by coincidepteb-

K7=1"(p7/27[523]—n5/27[512]); 426, 465, 522, 599, 694, servations.

and 807 keV (AX) The pattern of transitions depopulating levels in this band

The basic level structure of this band was determined inncludes much strength feeding levels witp7(2 [523]
previous studies where level energies were reported for fiveen1/27[521]) (AY) configurations, consistent with a
members of the ban®,19]. From ouryy-coincidence mea- simplen1/2 [510] to n1/27[521] transformation, as well as
surements we find good agreement with the transition placesome intraband transitions. However, from Table X it is seen
ment data for the three lowest energy levels. We report sewthat the observedd(p) strength is only about 16% of that
eral new depopulating transitions that are assigned td the expected for a purep7/2 [523]+n1/27[510] two-
=4 and 5 levels. Thus, we have determined more precisquasiparticle state, indicating the assigned label may not rep-
energies for these levels, namely 598.5116) keV and 5 resent the major component of this band. It was mentioned
693.7016) keV. Although a level at 693.38%) keV was above that levels of th&™=2", 430-keV band were very
deduced in previous work using the Ritz combination prin-close in energy to corresponding spin members of this band,
ciple (see the 1992 Nuclear Data Sheets sumnjag}), it and appeared to have acquired some of the “missing”
was not assigned to this band. We find evidence for a leveb7/27[523]+n1/27[510] strength. However, even for the
with a significantly different energyE=316 e\) and as- strongly populated spin 4 member this would account for
sign this to thd =5 member of the band. All six levels listed only another 9% of the expected strength. The most likely
above were detected in oud,pp) measurements where im- reason for the small summeg@7/27[523]+n1/2"[510]
proved resolution has allowed resolution of peaks at 426.04trength in this band is that there is probably a great deal of
and 464.50 keV. Both peaks appeared in previous measuradditional mixing. Studies of odd-mass Dy, Er, and Yb nu-
ments as part of unresolved doublets. clides [66—69 with (d,p) reactions have shown that the

Sood and Burk§22] have presented a detailed analysis of1/27[510] band appears systematically at lower energies and
(d,p) intensities and beta decay int6®Ho. They concluded with smaller cross sections than expected for the pure Nils-
that the largest component of this band at 426 keV has theon orbital, and this has been ascribed to mixing with
configuration p7/2 [523]—n5/27[512]), contrary to some phonons based on lower-lying states. In particular,*fby
previous assignments. Our new,p) results including the and®Er, isotones oft®®Ho, there is only about 25% to 30%
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of the full single-particle d,p) strength for the 1/2[510] transitions that show decay from the higher band levels. We
orbital found at the excitation energies listed for this state inhave added a new level to this band, Eh=6" level at
Table VII[66,67]. (These weaker strengths were in approxi-942.60%13) keV.
mate agreement with QPM calculations for the odd-mass nu- The configuration of this band has already been men-
clei at that time). Therefore, it is not surprising to find the tioned in an earlier section of this paper dealing with the
total (d,p) strength for transfer of a 172510] neutron is  1"AX band at 426.0 keV. Our QPM calculations find some
reduced to a similar small fraction in this study. In the mixing, 9%, of the 1" AX configuration in the present band.
following subsection it will be seen that th&K™  Thus, one would expect the transitions that depopulate the
=3%(p7/27[523]—n1/27[510]) GM partner to this band present band to feed levels in thé AX band. This is indeed
also has a small summed strendgt#tbout 28% of that ex- the case; in addition, several intraband transitions are also
pected for the pure configuratiprt therefore seems likely present. Table X shows that the total,p) intensity ob-
that the QPM estimates of 70% and 74% in Table IX for theserved is somewhat greater than expected for a pure
p7/27[523]+n1/2"[510] configurations in the 559 and 815 p7/27[523]—n5/27[523] configuration. This is probably
keV bands are overestimates. It is also likely that soméecause of the smap7/2 [523]—n5/2[512] admixture,
strength could be lost to other bands by Coriolis mixing, butwhich has much larger cross sections since it is dominated
it is believed the main reason for the reduced strength iy transfers of lowet value.
provided by the above explanation.

The 4" bandhead at 559 keV is populated appreciably in K™=6T(p7/27[523]+n5/27[523]); 722 and 848 (AV)
the (d,3He) spectrum, most likely due to mixing with thé 4
level at 548 keV, from which it gains some of the

+ _ + ;
p3/2”[411]—n7/2'[633] strength. The weak population of levels is supported by ouyy-coincidence data. The 848-

s . .
the 5 member at 655 keV can also be explained by thISkeV level is also observed in thel(p) reaction. The 722.0-

ggg]eprsggr}; ;I;]hee c;glt)(l)rfori?;ianergtalgtizalbils,eallxlgijl?r:?xc:ﬁeb%ev level is not resolved from another strong contributor in
P pickup 0 he (d,p) spectrum, a 7 level at 723.2 keV. This 6 band is

n " : . ;
the p1/2"[411]+n7/2'[633] configuration, but it would redicted to occur at 733 keV by our semiempirical model.

have_ expecte_d Intensities much small_er than those ob_s_erv e observed rotational parameter, 9.04 keV, matches that of
and its contribution to the strengths is probably negligible.

o . g its K™=17 GM counterpart at 567.6 keV, 9.46 keV. The
compared to those from mixing with the”=2" band. summed ¢,p) intensity observed is less than half that ex-
pected for the pure configuration.

We assign the levels listed above to a new band with a
previously unidentified configuration. The existence of these

K™=3*(p7/27[523]—-n1/27[510]); 815, 891, 985,

and 1099 (AT) K™=3*(p1/2*[411]—7/2¥[633]); 592, 672, 770,
In previous studie$13], the lowest three levels in this and 884 keV (CZ2)
band were identified in precise ARC measurements and were

assigned to the configuration listed ~above. Our 13] assigned the three lowest levels of this band to the con-

yvy-coincidence data confirm the large number of transition iquration listed above. Oupv-coincidence data support the
assigned to the level at 815.1 keV, as well as the depopula—g Wy bp

. . . existence of these levels, as well as being consistent with the
tion of the 891.0-keV level. We provide depopulating tran-_"_". , ’ :
sitions for thel "=5" level at 985.18) keV. Consistent assigned spins and quantum numbers for this band. The

S ; X ; .
with the assigned configuration*&T, the depopulation pat- 6" rotational level in this band has been established for the

. . first time at 884.058.4) keV on the basis of deexciting tran-
tern of the 815-keV level includes c_ons_|_derable decay to IeV'sitions, largely intraband, and observation in spectra from
els in (AY) bands and apparently significant amounts of de-

transfer reactions. It would be expected that the assigned
f;?/ilgoir:rlﬁigsginggg dznpdpéc;rtaetrgp?ig%ctﬁg' ?rf](:%e configuration should be populated in the proton pickup reac-
member is a level at 1098.¢11) keV, newly identified in tions, although relatively weakly because the {#11] or-

these spectra. As mentioned in the discussion of the G ital is above the Fermi surface. Table Xl| shows that the

partner band in the previous subsection, the observed totepmmed d.’He) intensity observed is about 40% of the
(d.p) intensity is only about 28% of that expected for the alue expected for the pure two-quasiparticle state. This is

~ ~ - N consistent with thet(«) data of Ref[12], in which it is seen
pure _p7/2 [523]. . n1/2' [510] band (Tablg X), indicating that the cross section for the 592 keV bandhead ig bh&r,
considerable mixing with other configurations.

about 45% of the predicted value of 2&b/sr for this state.
b _ _ These results are somewhat smaller than the predicted value

K7=17(p72"[523]-n52 [523]); 568, 605, 662, 736, 832, of 69% for the 3 CZ componentTable IX). There appears

and 943 (AV) to be configuration mixing with th&k™=3" AY band at 190

The five lowest levels in this band were identified previ- keV, as mentioned in an earlier subsection for that band. The
ously [13,19 and were assigned as members dfa=1" (d,p) intensities for the 592 keV band could be explained by
band. They are all populated in thd,p) spectra; three of a 3" AY admixture of less than 10%Table X). However,
these are new observations. Most of the depopulating transihe situation is probably more complex. Table IX shows pre-
tions from the two lowest levels were assigned previouslydicted components of 15% AY and 15% AT in this band.
From ouryy-coincidence data, we have placed several nevirhe (d,p) transition amplitudes for these components would

On the basis of their ARC data, Bollinger and Thomas
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combine coherently, so it is not possible to extract admix- K7=27%; 906, 961, and 1030 keV (tentative band)

tures from the observed intensities. Deexciting transitions The |evels listed above have been identified in previous
feed levels in the 3AY and 2"BZ bands. . studies where the more conclusive evidence for their exis-
D(_-Z‘Wberry_ et a|[12] reaChe-d a dlffel’e_nt CO-nCIUS|0n re- tence came from ARC data and,O) spectra. The present
garding the identification of this 3CZ configuration. On the  yy-coincidence data confirm their existence, but they do not
basis of cross sections they have measured for the) ( support the previously assigned depopulating transitions.
reaction, deducettransfers from angular distributions, and One of the difficulties in defining these higher levels in
an application of the Ritz combination principle, they as 1684g s that they-transition energies in question have rather
signed the 33CZ bandhead to a level at 721.07 keV andlarge uncertainties. In the SACP measurem@rdble 1),
placed three rotational levels above this bandhead. The uppgfo levels with energies 1029.6 and 1030.6 keV are found,
levels are connected by various intraband transitions, but n@ith depopulation to thé”=1" to 5~ levels of the ground
y rays are assigned to the upper levels that would feed levelsate band and to the level$ 290.9 keV and 4 260.6 keV.
below the bandhead. The placement of many low-energyt seems very likely that two close-lying levels exist here
transitions hlgh in the deca_y scheme raises some questions @gh spin and parity 2 and 4". Consistent with this hypoth-
to the validity of these assignmerjts2], but we cannot dis- esis, the ARC datéTable |) indicate the existence of a'3or
prove their thesis. Our version of the levels that make up thg+ |evel| at 1032.14) keV.
3"3CZ band is supported, at least partially, by coincidence |n Table IX this tentative band is associated with one
relatlonShlpS. We also note that DeWbeeyal. have ob- from the QPM calculations that has a |arg§2%) K™
served in their {,a) spectrum the 592-keV level that we —2+*AU (p7/27[523]—n3/2 [521]) component. In Table
claim as the bandhead level of our 3CZ band and have x it is seen that the medium-intensity,p) cross sections
level as havind "=3", but left it unassigned with respect to (p7/27[523]—n3/2"[521]) component in this band, and

configuration. this ought to have been observed in the proton pickup spectra
with a strength about one-quarter of that for ti=2"
K7=4%(py2*[411]+n7/2*[633]); 719, 807, band at 430 keV. Thed3He) cross sections become weaker
and 911 keV (C2) at excitation energies this high because the ejectile energy is

near the Coulomb barrier, but this problem does not exist for
the (t,«) measurements. The expected fingerprint pattern has
large intensities for each of the spin 2, 3, and 4 members and,
although the {,«) spectrum[12] has a peak at 915 keV
which could to some extent obscure the 906-keV bandhead,
there are no large cross sections at 961 or 1030 {(sxé
Table Il of Ref.[12]). Therefore, the data do not support the
presence of this minor component.

Bollinger and Thoma$13] identified the two lowest lev-
els in this band, and ouyy-coincidence data support these
assignments. We tentatively propose therétational mem-
ber is at 911.4Q1 keV, on the basis of a very weak peak in
the (d,p) spectrum and an intrabang transition. The 4
bandhead is populated in thel,éHe) and €,«) reactions
with ~64% and~80%, respectively, of the intensity ex-
pected for the pure two-quasiparticle configuratidable Xl
and Ref[12]). It is not certain whether the 719 and 807 keV
levels are populated in theld(p) reaction because there are
weak peaks for other unresolved levels near these energies. This band, which may be the GM counterpart of the 2
These results suggest there is a dominant CZ component Imand just discussed, is proposed for the first time. The 925-
this band, consistent with the QPM prediction of an 85%keV level is observed in the ARC, d(p), and
component for this configuration. yvy-coincidence spectra. Thed,) data also include a

Dewberryet al. [12], in their analysis of thet(«) data, 1038.4-keV level that is assigned to thé vel of the band.
assigned three levels to a rotational band at 891.7 keV witfThe rotational parameter defined by these two levels, 9.41
the 4" CZ configuration, thus differing with the conclusions keV, is consistent with that of its GM counterpart, 9.27 keV
of Bollinger and Thoma$13] and Soockt al.[20] as to the  and with a calculated value, 9.87 keV. In Table IX the QPM
location of this configuration. As they did in their definition calculated structure of this band includes a 62% component
of the 3"CZ band, Dewbernet al. used the Ritz combina- of the K™=5"(p7/27[523]+n3/27[521]) configuration,
tion principle to locate depopulating transitions that define and Table X shows that thel(p) cross sections are consis-
these level energies more precisely. We believe it is unlikelytent with a~48% admixture of such a band. There is also a
that so many transitions of low to moderate enefgy—323  significant (13%) BZ component predicted in this band by
keV) can occur at high excitation energies’tfHo and still  the QPM, which should be observable in thex) spectrum,
be detected in theingles(n,y) spectrum. We prefer the as for the GM partner discussed in the previous subsection.
interpretations put forth previous[)L3,20 that places these The (t,«) results are not as definitive in this case; there is a
bands at slightly lower excitation energies. The two lowerpeak reported at 1087) keV which could correspond to the
levels assigned here are supported by our measured coingiroposed 6 member, but the reported uncertainty on the
dence relationships. Since there is disagreement in interpre®153) keV peak would have to be stretched for it to corre-
ing the (t,«) data, care has been taken to account for thesspond to the proposed‘Shandhead at 926 keV. Thus, the
revised assignments in discussing cross sections for specifexistence and nature of these suggested bands should be con-
configurations in the above paragraphs. sidered as tentative.

K™=5%: 926, 1038 keV (tentative band)
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C. n-p interaction matrix elements we have made comprehensivgy-coincidence measure-

From the band structure df®Ho just discussed, one can MenNts, manyy-transitions are now unambiguously placed in
determine values for several matrix elements that arise frorf’€ y-decay scheme. The deduceebranching ratios pro-
the n-p interaction in ®Ho, ten Gallagher-Moszkowski Vided information on the various mixing mechanisms in this
splittings and two Newby shifts. These values are listed ifucleus. New average resonance neutron capture results pro-
column 8 of Table VIIl. The GM matrix elements reported Vide spin and parity values for levels up to 985 keV. The
here have not been corrected for perturbations in band enefd,p) and @d,°He) reactions, which were measured with

gies due to Coriolis mixing which occurs most significantly high sensitivity and very good resolution, gave the best sig-
for configurations that include high- orbitals, e.g., hatures for the single-particle structure of the nucleus. Levels

n7/2"[633] andp7/27[523]. with higher spins were predominantly seen in the transfer

The experimental Newby shiftgotational bands 0AZ reactions. Th.e high.quality of .the new qxperimental data
and 0" CY) show good correspondence with theoretical val-nelped to define excited levels 'W_GHO in spite of the large
ues calculated by Frisks] and less agreement with the cal- and increasing level density in this odd-odd nucleus. Results
culations of Noselet al. [6]. Among theEgy, values, there Of the present investigation, as well as those of previous
are four where each pair of bands was known previously andtudies, permit the identification of 91 Ic_ayels up to 1100 keV.
where there is agreement as to the energies of the constitueRf these, 32 levels are newly identified. The levels are
bands and the GM matrix elements. These include the folgrouped in 23 rotational bands, among them 6 new ones.
lowing configurations: AZ, AY(BZ+AU), and AT. For an- Consequently, a total of 10 Gallagher-Moszkowski splittings
other set of four matrix elements, there are difference@nd 2 Newby shifts could be determined. In many cases we
among various authors regarding the energies of the constitiave extended previously known rotational bands by identi-
ent bands in a given pair that result in differencesEig,  [Ying new, higher spin levels. _
values. These differences, which involve the configurations It iS often of interest to estimate what portion of the ex-
AX, BY, CY, and CZ, have been discussed in the individualPerimental level scheme represents a complete description of
subsections of Sec. VIB in this paper. In the case of the AXtN€ nuclear excitations within a given nucleus. We use the
configuration, it is now generally accepted that kE=1" predictions of our semiempirical model to guide such an es-
member of this band pair exists at 426.1 kE&2). The ap- timate. Referring to the first twelve rotational bands listed in
propriate value foEgy(AX) is +177.2 keV. In Ref[8], the Tablg VIII, one can see that each of th.e experimentally de-
band energies listed in their Table 11 for this configuration {€rmined configurations has been assigned to a calculated
reflect this view, but the matrix element listed in their TablePand excitation. Beginning at 575 keV, certain calculated
| is 316.8 keV, a value inconsistent with the foregoing dis-configurations appear that have not yet been identified in
CUSSIOn. 1880, e.g.,K™=4",1"BX; 37,4 EZ; etc. In the first 815

Our experimental value foEgy(AV), —108.5 keV, is keV of excitation, we assign 21 predicted configurations to
new. A value ofEgy,=—146.0 keV for this same configu- experimental bandheads. This leaves 7 unassigned configu-
ration in *%%Ho was known previouslj4,6]. Our determina- rat|(_)ns in t_h_|s same energy range, 6 with negative parity and
tion of a GM matrix element for théAZ++y vibration) 1 with positive parity. This bias in favor of determining the

+138.2 keV, is also new. The question of what effect somdocation of positive-parity bands can be ascribed to the
y vibrational character in the state would have on thp power of the ARC technique where positive-parity levels are

interaction matrix element can be asked. While one mighfavored-

expect the interaction matrix element to become smaller in MPortant progress in the interpretation of this level
magnitude, this is not the case here, since the low-lying AZ2CNeéme has been achieved with new improved quasiparticle-
bands yield a value oEgy(AZ)=+84.1 keV. phonon model calculations where residual interactions and

The experimental GM matrix elements can be compared> 8+ and octupole phonons were taken into account. The
with theoretical calculations of these quantities made byargest calculated-vibration mixing was found for the 2

various authors. The best fit is obtained from the calculation§and predicted at 525 keV. In this case the configuration was
of Boissonet al. [4] where six matrix elements can be com- calculated to consist of 26% of the(p7/2'[523]
pared (see Table VIIJ with experiment. The root-mean- — N7/2"[633])+Qpp configuration and 7% of the
squared deviation for this set is 14 keV, which shows markd (P7/2"[523]+n1/2660]) — Q,,} configuration. Other low-
edly better agreement than for the calculations of NoseWl/ingd levels had generally only small collective components.
et al.[6] (8 Egy's, rms deviation= 31 keV) or those of Hoff From the experiment, it follows that the”2y-vibrational

[69] (6 Egy’s, rms deviation= 48 keV). Despite this good band built on the ground state has the bandhead energy at
showing by Boissoret al. [4] for the matrix elements in 543.6 keV and is depopulated by stroBg transitions to the
16640, the predictive power of their set &gy, calculations ground state band. This band was not populated in transfer

over a wider range of nuclei has been shown to be rathei€@ctions. Apparently the collective component of this 2
poor[70]. band is larger than predicted by the calculations. The 5

v-vibration built on the other member of this GM pair ap-
pears at an energy of 431.2 keV. In this case the collective
component is larger than calculated also, even though the
The level scheme ot°*Ho was studied using new, more bandhead seems to have been observed indh eaction.
precise and more sensitive experimental methods. Becausieappears that the agreement between the experiment and the

VII. CONCLUSION
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new calculations of both vibrational bands is much betterscopic strengths for competinlgvalues populating many
than in previous theoretical resu(ta6]. of the levels. Results from both thd,p) and d,t) reactions

For most of the lower-lying bands the summed intensitiehave proven very useful in identifying components of
in the single-nucleon transfer experiments were in goodwo-quasiparticle configurations present in complex bands
qualitative agreement with the expectations based on the min other nuclides(e.g., 1’?vb [71] and %% [72,73).
croscopic compositions predicted by the QPM. Above aboutt would be also important to determine absolute values
1/2 MeV excitation there was often less strength observed ifior the cross sections, so that more meaningful comparisons
the experiments than calculated, possibly indicating a greatewith predicted values could be made without the uncertainty
degree of mixing than considered. It should also be notedvolved in choosing normalizations. On the theoretical
that even for the lower bands the distributions of intensitiesside there are also important improvements which could
within bands(fingerprints were often in poorer agreement be made in the model used for this study. The calculations
with predictions than is usually found in such experiments orshould be extended to include predicted single-nucleon
other well-deformed nuclei. This may be d(at least partly ~ transfer cross sections or spectroscopic strengths for
to Coriolis mixing, which has not been considered in calcu-the mixed configurations. The comparisons in Tables X
lating the strengths. and Xl considered only one component at a time in

The mixing of rotational band configurations has beeneach band, and did not include possible interference effects
deduced not only from the comparison of calculated and exbetween different configurations. Such effects are not likely
perimental transfer reaction cross sections and level depopte be large for most of the cases described abpae
lations, but also from rotational parameters. As the result oéxception is the ¢,p) population of the 592 keV bard
Coriolis (AK=1) and residual £4K=0) interactions, sev- but in an improved study which examined finer details
eral negative parity bands are mixed, e.g., the ground these should be included. Another improvement, which is
state, the I band at 373.0 keV, the 1band at 595.8 kev probably of greater importance for many bands, is that
and the 0 band at 658.9 keV. Only the odd-spin membersCoriolis mixing should be taken into account for both the
of the ground-state band are strongly populated frodecay level energies and the single-nucleon transfer cross sections.
of levels in the 373-keV 1 band due to the above- This is not an easy task because of the complicated wave
mentioned mixing. The 2 band at 430.0 keV, the3band  functions of the mixed configurations in most of the bands. It
at 190.9 keV and the @band at 371.9 keV also show strong is likely that some or all of these improvements will be
Coriolis mixing. Additional positive parity bands, especially necessary before one can achieve a detailed understanding of
the  (p1/27[411]=n7/27[633)) and  (p7/27[523] the structures of®Ho levels appreciably better than the one
+n1/27[510]) contribute to this mixing, for which evidence Presented here.
is provided by both the reaction cross sections and+the
decay. This is in essential agreement with the new QPM
calculations.
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