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spactroscepic studies have been considerable. Perhaps the most 1mpo rLant
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ingredient necessary at this time for further pro
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nuclear structure tetler experimental data on single-particle states

and kence an improved kncwledge of the averag
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The level scheme of “®'Ho is one such case where improvements in the
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and most recently in 1966 by Gromov et élj> using a magnetic spesctrometer

e
O
w
O
(@]

b
S
d-
&7
(@]

5
(@)
e
Q
5
e
<
U
5
S
=

D
)
-
143}
Q,
’_‘
o
H

b

H

N

N~—

[
=
1
1]
o]
(@)
rk

repsated here. g

Another experimental approach to understanding the level structure ci

161 - b i 'y ~ . o . ) 2
Ho has been made by iwo groups of experimenters in the past year.

b

Rensfelt et-a2l ) and Alonso et _;5) at Stockholm and Yale, respsctivaly

-—

have measured the reaction y-ray spectra of 181ko in-beam at acceleritors.

These experirments k=2 T inf

ve providesd a great deal‘o ormacion avbout the

rotaticnel band built on the 7/27[523] ground state of *°'Ho and to 2

: 1 () " b -. £} i . .
lesser extent abcout the band built on the 6.1 s=c 1/2 [Lk11] iscmeric

i { . di iy e

In this paper ve report our datz on the y-ray singles and coinci-

151

- . .

denee Spe ze Of BEr decay to '®!Ho obtain ed using high-resclution G2(Li)

detectors.

2. Source prepzraticn, irradistions and chenipal Separ

on
B T SO e R SERRTP IR "-.'.'-’v'r."‘n‘e..'.‘.\v A J..\....*.'.u‘..‘:‘..‘ W N AR T e -l.'.-.u--‘

.’\

Targets werzs prepared £ rom Dy203 enr ichedY} to 90.0% isotopic abun-



161Dy. The rare-carth oxide powder was slurried in ‘an acetone-

dance in
water sclution cn 30 mg/cm” aluminium backing foil and dried. The thick~

ness of the deposit was typically about 5 mg/cmg. Targets were covered

> TERt = 5 o e : ! 5
The *©'Er was produced by the 161ny(or,kn) reaction in the L1 MeV
“He-icn beam of the Yale University heavy-ion accelerator. Beam currents

’

were typically 0.7 pA and irradiation times about T h. Samples were re-

turned to Clark University for chemical separation and counting.

i
At L0 MeV bembarding energy one expects ’9) the predcminant reactions

to ve (o,3n) and («,ltn) iy significant contributions from (¢,2n) and
(q,p?n). Experimentally, the only radioactive rare ~earth contaminants were

= b oy . & vu.' ~, B oty g 15 .
29-h **%Er from ®°Dy(y,ln) and 63-min 62™Ho from 81y (0, p2n); %2Er fronm

. 5 = s 1 = = o .
1Dy (v,3n) is stable and T5-min “®%Er from the (v,2n) reaction decays

b et v E5) , - i) ]
through a 99.8% branch to the ground state of 33-y 53Ho.
Radioactive contaminants arising from the aluminium foil and the oxids

were removed by a simple chemical procedure. The irradiated Dy2045 was

dissolved in hot concentrated HNO5;, HCl was added and the solution hiceEed

len precipitated as

for several minutes. he rare-earth elements were t}

fluorides by the addition of a saturated solution of sodium fluoride. The

resultin precipitate was centrifuged, washed and mounted on a san plecard)

* The-delzy between end o
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5
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irradiation and start of y-spectrum me

ments was typically 2,5 h. g

3. Source counting
L WO RUSTS R TP EN DR Hn’\\

Taree “e(Lw) detectors were used 1n mezasurements of the singles and

coincidenc Y r2y spactra. A planar detector (5.5 em® x 9 mm dEDloulCH

depth) was usad in the initial stages of this work to study the singles



spectrun. The detector gave a re;olution of 5.0 keV FWHM at 1%%2 keV.
Later me;surem?nts were mede using a 33 cmﬁ detector, fabricated as a righi
Circulai cvl§4der with one open end, which gaVé a¥resolution of 12,28 kalk

FilHM. - The better med'up—‘“ﬂd high-energy data were cbtained with the lar

A g ot 5 o )
volune detector. Conventional pulse-shaping amplifiers and a 2048-channol
ping 8

pulse-height analyser were used in measuring the Y-ray spectrum.
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Counting races were kept at an opbtimwn maxime

T
| ! .- Lo s
by varying the scurce-to-detector distance. Thls raximised counting
statisties without in airing energy resolution. High—eacr;J regions of th
gemma-ray speclrum were studied with lead absorbers located between the
source and detector to suppress lcw-energy contributions to the countin
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rate. The closest scurce-to-detector q1stance in the singles ex
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was 1 cm. The incidenc n time-correlated Y-rays wzas
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estimated from spectra taken with and without leagd &bsorbers.

Coincidencs spectrg were measured using.tﬁe 33 cm® detector and =
15 crn® detector of similar design with 2.3 keV r:svlutlon. Tas deteeccors
were positioned in a ccaxial geometry during these experiments. The
coincidence measurements were made with a fast-slow coinciden e unit and
‘a system of digital gates. Output pulses from the ADC of the gatin

-

detector were selected by setting digital windcws on the specirum regicns

of interest. Pulses from the other detector with the proper tim

(]
"~
D

ship to the gating pulses (resolving time TOnsec) were selectively rcuted

and stcred 'in the memory of the pulse-height anzalyser. Typically, eizhi

gates were set and eight 256-channel coincidence spectra were-reccrded

each experimant. In order to identify background contributions, off-pezl

" gates were set for éach peak. The spectrum frcm each background gate wss

‘then subtracted from the corresponding peak

- coincidence ratio for the system was about 60.
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The energy calibration was made using sources. supolied by the Inter-

TSl

. ™ mAT ¢ 3 S4a S5
national Atomic Energy Agency (IARA): 2%am, 57Co, #?ya, 137Cs, 54, °%v,
= A0 2 fi T
and “RBo. "Beurees of, F°oTb, 19%0d, [15%Ce, 1927, EBSGq  210Wa . LBOTRY .
5 B oA 58h. : . : =
®5%Zn, ®*Na and 5SCo were also used. The 185.0 keV phot of the 1%%%io
. LA e, o 2l : 3 . : 10 = Lot S
present in e source was used as an internsal szanderd ). The IAEA sources
were 2lso used as primary standards for conqtfucbvon of detecior puotcpeak

provided by fitting relative intensity measurens

the peak-channel number nd the aresa of the trisngle was related to the
relacive garma-ray intensity.

The energy corresponding to a channel number was obtained from the

calibration-standard data as follows. Pairs of energy calibration pezks

senarau a bJ approximately 1000 channels wegre used to determine a set of
slopes for the energy calibration curve., An averzge slope computed fronm

this set wes used to define a linear calibration equation. The-daviaiions

ch

of individual points from the linear fit were Dplotted on an expanded scals

and used to determine a correcCtion curve for counting-system nonlinearity
Each peak channel was corrected for system nonlinearity and the corres-
pond;na enerzy was calculated usin g the paramsters of the 1i

The errors quoted for photopeak energies incorvcrate errors in ernergy o

the standards, the reproducibility of peak energies in two or more Speetrs

measured with different detectors, the degree with.which a peak is resolved

from other photopeaks and the peak intensity with respect to the Compton

background radiation.

" Germ a-ray intensity error estimates include contrivutions from the



EX)

repreducib 'lity of ‘peak intensities 3

n several measurements with different

=y

detec

i

ors, the error in the photopeak efficiencv curves and absorber cor-
J o v

rection curves, error intrcduced when peaks were incompletely resolved

n > :
from other photoucaki; and the uncertainty due to the background benezath

a peak. Tne error in the photopeak efficiency curves took into account

the varying source-to-detector distance during counting, source self-sbscro-
ticn and ncon-voint ccunting geometries.

S wHalf-1 (e utullos

L O R N TN KRN
Gamma-ray spectra recorded as a function of time following bonbard-
menc wWere used to assign peaksvuo the decay of *®'Er and to i Ll peaks
arising from surming of Y-rays which were uncorrelated in time. The
half-lives of the radioactive impurities, 1®%Er.and 162y, are ;signifi-..
§ i i
2" 161Er for this method to work re i 2bly Tor the more
. 4
To aid in identification of w§ak Iines, sources 09 1805y

.

he Y-ray spectra mesasured. Contributions from

.

these impurity activities were identified in the ®lgr spectra and re-~

moved from consideration. Scme ofisthese data hewe already been reported ).
. * : 1.5 1=~
A= swm11ar procedure was followed to identify the y-rays from 2.5-h 1814,

decay which is present in equilibrium with ®'Er at the time of source

counui.g . further confirmation of the assignments was provided by studyin

=
the y-ray spectra from @-particle oowba‘amvnus of 151Dy20 at 22 and 32

MeV which ermphasised the (a,2n) and («,3n) reaction products.

£ 15Er was determined by following the gamma-decay

The hal

»—»,

-life o

|

of six intense lines: 9k.1, 130.9, 211.%, 314.7, 592.7 and 826.6 keV

‘Data. were collected cover a pericd of six to eight half-iives in a number

ht analysers. The




(<) is 3.24 i}.Oh h. 9he error estima te includes contrivutions frowm error

.

" the intensity measurement of the bhotopeaks and the error over several
N pe

debnrm inatio

6. Peou_ps
F T SRR TR

in

Typical gemma-ray spectra over the energy range 20—2300 keV are shown
SRS e el The éne:gies of the peaks have beerntro zpd ed Lo the neazesst
iﬁteger, and impurity lines are assigned where kxnown. The results of the
analyses for energy and infeLsiLy of 161lgy gama-rays are summafised in

%

table 1. Transitions in table 1 are encoded; for example, HD, vhere the

==t Jestersirefier bo-tthe Hinitialwand 'final levcls, respectiviely, 1 Ho 25

designated in fig. 4t and table L,

The results of the coincidence experiments are found in table 2, Weak
coincidences of questionable reliability are in parentheses. In order for
a transition to be considered & strong coincidence, the pezk in the coi.ci~

dence spectrum had to be clearly distinguish

background spectrum of the adjacent Compton gate. In aadlui n the intensity

vy

the proposed dec ay schenme, An example of the coincidence spec

in fig. 2 where the Y-ray and background spectra in ceincidenc

932 keV transit ion are showm.
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An attempt was made to meke multipolarity assignments using our gamma-

ray intensity data and the conversion elect ron intensity results of Gromov

et-2l”). The intensity scales were normalis ed To the theoretical value
l 5 o, . . ; s . - ] il
. (ref. 3)) for an E3 assignment at 211.1 keV. Experimental conversion

In many instances at energies above 600 keV it was difficult to determin

the relationship between the electron and y-ray data because of differen

in the reoo”ued transtion energies and because of the poorer resolutior



sequentially,

the band built on

the electron

spectrum at high ener

gies' S wim

4 N

21

of cases there

are

three or four strong gamma-lines corresponding to each electron line.

Therefore, we

pondence betiee

nuniber of excited levels have been reported

ments out only three wer

and 826.6

keV.

information and.nuclear

scheme is supported by tt

cles; questionable
alphabetically for

been assigned to

noted 4,3, the K-2 y-vibrational band built

T0O keV: the ceding i

The scheme as presented in fig.

i 1 decay.

o
Ak

(0]

amount being assign

e firmly establishe

cnly those conversion ccef

The decay scheme in fig

Under this nota

the 211 keV level is desigr

s alphabetical
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coincidence experimen

[43]

=

with

ed ‘twice. :

Log ft values for electron capture decay cf

S epen circles,

tqe-data.

tion the ground state rotationa
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in table 3 is consistent with more than

ity balanc

wnose placem

T.evels

D

ts are shown as

conversicn ccefficient one
mvdt the arbiguity is denoted, for example, (EL/E2) where we mean
El or E2. The assignment, M1, is not meant to preclude significant
of 'E2 character or v1ce versa,
The decay scheme proposed for 181py is shown in fig, &, ‘For &
part, the trensiticns we observe have not been seen in the previous
1o 2:5 . S . 1. h}s
studies ) or in the recent in-beam reaction Y=RayLcxperanenus )

fila
1

otational or v1braulona1 bwqd are des

proposed on the basis of

Tevnls which have

r have ne mrcaleulate

in the previous decay experi-
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“T.1 The.ground-state rotational band

and are found in table I and fig. 4. The B-feed to each energy level was
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-estimated Trom the intensity bal
cerrect the y-ray intensities for internal conversion and to include an
-uncertainty in multipolarity essisnment dnen Ml/E‘ mixing retio, in the

=

.error estimate of the B-feed. The error associated with transitions which

are assigned in more then one location in the scheme was accounted for by

incorperating an uncertainty equal in magnitude to the sum of the-intensi-

d to eachilevel conputed in

.

ties of the doubtful transitions. The B-Te
this manner is found in table L. Where there is no p-feed to.a level

within experimental uncertainty, no entry is made, The log ft values were-

-

computed from these date assuming there is no direct feed to the ground

g i . i Ay Sk
£ %o, using 2 Qe of 2050 keV (ref. 3) end our value of the 'SlEr

half-life. The effect of the unassigned y-transitions in table 1 on the .

=
O

m
L)
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£t computations will be considered in the discussion section.

T. The 8Ho level scheme
T I T R T T TR T

In the following paragraphs, the properties of levels in *®'Ho are

discussed 1nd1v1daa11y or in groups where apDPopziate. The asymptotic

quantum puroer assignments are summarised in fig. 5.

The ground-state rotational band built on the 7/2-[523] Nilsson state

X ’ : L
is well established from the reaction spectroscopy work ’5) In our study

there is no evidence for population of the band sbove the T = 9/2 member

at 99 keV.

7.2 The 1/2+[h11] rotationzl band i : i

The rotational band built on the 7/2 [411] isomeric stafe at 21
has been partially characterised by ,ne Stockholm work. -Nuclear systematics
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suggest that the spin 5/2 nember of the rotational band is feund about
10 kc? ebove the band hea Qv(the excepti@n being '%7to vhere the energ;
separation is 20 kef (ref. 14)). We propose that the 222 keV level in
1816 is the spin 3/2 member of thell/é[hll] band. The Stockholm grow

observed a 131 keV tran 1sition in *®o vhich tney assigned as the T/2

- 3/2 crosscver transition in the 1/%;bl]1 band on the basis of czscade
intensities eand angular distribution data. Ve also see this transition
and concur with their assignment which locates the- T/? band me at

353 keV. From systematics of the 1//fb11] band energies and from

de-excitailon patterns of the high-energy levels it a
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the 5/2 member of the band is located at 316 keV. There is no evidence

for population of any of the band members with I > 7/2 from 161E% decay.
: /
Further discussion of the 1/8[L11) band is deferred to section 8.L.
7.3 The 3/2 [411] rotational bend and the 7/2*[& %] band hezd
The 3/2, 3/2 [k11]) and 7/2, T/2T’LO lsson states are expected t

be close in energy to the 1/2, 1/2' [411] state. This can be seen in fig

6 where the experimental data on well-estsblished single-quasiparticle

P T o o, i o e el
states gsjplotted Tor the holmium isotopes and in fig, T vhere we present
P 2 -

"the results of calculations of Nilsson energy level diagrams for Z

- g

—— =

A AT

e
o
o

=161 (el 15)). The: lTevelizat 255 ke s interpréted to be the

o 1t i : y : SRl 3
7/2"[kok] state vecause of its exclusive de-excitation to the spin T/2
ground state. Further evidence for this assigrment is the observation of

a feirly intense 253 keV y-ray in the reaction spectroscopy studies of

O

both the Yazle and Stockholm groups. Although neither group proposed an

-assignment for the 253 keV transition one would expect significant popu-

lation of the T/2[kok] b and in heavy-ion bombardments.

We assign the 299 and 373 keV levels in 18146 as the 3/2 and the 5/2

merbers of the 3/2t[L11] band. Strong support for the assignment of the



. ;*' 299 keV level as the 3/2" [111] band head is the log gi value of 6.7
electron ca apture fee 2d which is consistent with a éftfansiticn of rthe
non-unigue first-forbidden unhindered type Qé; :VO, £, b o= ves).
Assigament of the 373 keV level as the 5/2 member of the 3/2' [411] band

requires the acceptance of a larger than usual energy spacing frem the

, band head (usually 2bout 55 keV).

5/2 member of the Y-band on the basis of multipolarity data, de-excitation

' the first twe bend merbers for the ground- and y-bands in *®'Ho are 11.51
- » . - . - Ac—v

end 11.23 keV, respectively. For comparison, the same parameters in r6%1s

are 10.52 and 10.26 keV. The structure of the band-head is discussed in

more detail in section 8.3.

- . T.5 The 5/2°[5%2] band he=d

The levn_ at 827 keV has been preV1ouSTJ interpreted as the 5/2,

5/2 [552] Nilsson state. The strong ML trans tion connecting this level

i
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i
:
i
:
kl
;
|
i
i
3
1
!

to the grcund state together with the log £t value of 5.3 for 8-feed

-3 2 151~

from Er supperts this interpretation. It is interesting to note that
the B-decay transition matrix element for 3/2;3/2 (521] = 5/2,5/27[532]

comes under the recent classif icatlon of aWIA”ﬁd nindered trans

=

tions by
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Fujita et 217 7). The log ft value of 5.3 is in agreement with their pre-

Muitipol ity data require that the levels at U2L and 526 keV hav
negative parity. From fig. T it appears that the‘on'lv lov~lyin
parity states expected in 1®lHo ere those of the ]/2 [5k1] band. We
suggest that the U2l keV level is either the spin l/é or S/é menber of

this band and that the 525 keV level is the 5/2 menber, There are two

%)

difficulties with this interpretetion: either the spin 1/2 or 5/2 menber

of the band appears to be missing, and the strong feed to the 525 keV
level from the 1L5T keV level does not a2ppear to be maiched by a comparszpl
strong transition between the 1457 keV and Lok keV levels.

7.7 The 5/2 [402] and 5/27[41%] band heads

The levels at Ulh7 and 760 keV appear to be s
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cr
[
193]

sipargicle st

e
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ngle-qu
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but the asymptotic quantun~nunber assignment of these states is somewhat

=54

-unclear. The level at LL7 keV is supported by the rather strong coinci-

VLIT L

dence between the LhT and 1_09 1'==V v-rays. A LLT7 keV line was seen oy .

‘the Stockholm group but was not assigned. The transition is EL accordin

ng
to the conversion coefficient dat%,i dicating positive parity for the LLT

keV level. The existence of a level at.-Té0 keV is baszd on the strons

O

coincidence bziween the 253 and 508 keV Y-rays. The Ml/EQ rultipolarity

of the 508 keV line depeAmlnes positive pa*luj for the T60 keV level. The
. decay patierns-in '®'Ho suggest that both states have 2 spin < 7/2.

Consideratiocn of figs. 6 and 7 leads us to proposé that the LLT kev

S + i : Rl - LA
level is the 5/2,.5/2" [L02] Nilsson state and the T80 level is 5/2,

5/2 [413]. According to fig. 7 both states are expected below 1 MeV in -
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"°"Ho although .the calculaticns indicate thai the 5/,+[hlj] orbital shculd
e : ) o : ; .

probebly be lower in energy than S/A (4o2]. Experimental systematics

yEL g e o Rl A - 2
indiczate, however,  that the 5/2 [413] state is more likely to. befound
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: levels. These results ere shown in fig. L. The essignments should be

| regarded with caution because of the uncerieinty in the high-energy

: multipolarity assigrnments.

8. Discussion
BTN T
In this section we compere the *®Er decay scheme with various aspects

of nuclear theory. The items to be considered are the single-particle

.b. —
states, "three-quasiparticle states, y-vibrational states and Coriclis
2 ) -
eoupling.,. = ; x
: 8.1 The single-varticle states

In fig. T are presented the results of a calculation of the single-

et s i g e 4, o i
¢

(OREST M
0



quasipariicle level energies for A= 161. ‘The sing e-particle calcu

lzticas

. v L 18 }
iere periormed with the code f Nilsscn et el ) by Wilhelny )) using th
parametric values K = 0.640 and = 0.597. The simple recipe withoud
blocking was employed for the inclusion of the residual pairins Toree,
using the correlation funct on é&nd chemical potential as evaluated by

A ,, e YT
Malov et 2177). 1In general, the level ordering and energy scale ;is: satis-

For example, it is not possible to cho a combination of e and ¢, values

]

ng to ma2ke finer comparisons between experiment

use of the experimental level ordering as a device for estimating the

values cf ¢, and €, 3N e e lnese orbitals, which vary rapidly in

.

energy with changing €, and €,> are a good test for future theorestical

endeavours.

8.2 Comolex and three-quasiparticle states

20 200 e ' :
by have made extensive calculations

-

on the interactions of quasiparticles with collective vibrational phonons

Soloviev and co-workers

n

o
=)
which are applicable to '®'Ho are found in table 5. Soloviev 5) hzs also

predicted the existence of three -quasiparticle sca es which are expected

to occur 9t.=n excitation between 1 and 2 MeV in 'S'Ho: those confi igura-
tions which areiexpected to be populated in the decay of 8'Er are included
in table 5. | : ' ik ‘

It is evident from a ccmparison of the experimental results and the

thecretical predictions in table S5 that a great deal rexzins to be learned



S i

level¥sthe efifeet ds tollewer the los F

: : o :
Aéf) and members of the 1/2 [411] and 5/2+[hll] bands can be discussed in

about nuclear structure. Our decay scheme work is not eble to test the
degree of admixture of orbitals in the states of complex structure. It

o
o

is evident, though, that the experimental level ocrdering

predicied by the caleulations.
One must also conclude from our eXU“Plﬁe tal work that there is no
. A e L g oy . . - 161,
evidence Tfor the population of three-quasiparticle states in €1Ho.
oF : ‘
According to Soloviev ‘) one night expsct to find the allowed-unhindered

(2u) p-transitions: Er'®* 3/27{3/27[521] + 5/2*[5253n + 5/27[523] } =
16145 1/27 or 5/2“{5/2“[521]n  5faF sesd ks 7/2”[525jp}. Such states

in 1®1Ho should be recogniszble by a log £t value <5.0 for g-feed

ted state above

-~

cm Er. The lowest :log ft value we find for an exc

e

1 MeV is 5.8 for level Y at 1657 keV. With this in mind one should con-

0
=

Siderttherefirect the unassigned y-rays in table 1. If the extreme

assurption is made that-2ll the unzssigned y-intensity were to de-excite

N

for an au transiticn. i

8.3 The 3/27{7/27[523], 2'} vibrational state

From the point of view of the hydrodynamical model a K-2 Y-vibratien

tion is superimposed. In *®'Ho, the 3 g2 522, "

decay to the ground state. The existence of quasiparticle-pt

can give rise to admixturss of other single- ~quasiparticle states and col-

lective vibraticns with the same spin and parity. This can cause more

L')

complex de-excitation patterns. Complex de-excitation patterns are also

possible within the micrc scon1c picture of colle tive vibrations.

1.
;~£
ct

ransiticns observed between the v ibration at 59; xat (level

to 5.4 which is too high a value

} state should only

-
.



factors with respect to

ransitions from A' to

[411] bands. They are: A'D, 5.9 x 10%*; A'E, 2.1 x 10%; A'H, 3.8 x°10%;

A 7 | e 5 5 o
and A'I, 2.6 x 10°. These hindrance factors are typical for K-allowed El
tran%i lons between single-quasiparticle states in these nuclei.
One way to explain the transitions to the [hll] bands is to postulate

that the y-vibration contains X = 3/2 components arising from collective

octupole vibrations built on the 1/2 [L11] and 3/2 [411] Nilsson states.

e ; e Al
Such collective modes probably cccur at energies above 1200 keV in ~S™H

in view of the location of the 2 and 1 octupole bzand heads in

126l and 1288 keV<")

respectively. One expects that collective admixtures

<

to the y-vibration would be small because of the large energy separation

jele onegs such

strenc*p féL@EEM::n5~ew§a@%L;:ew&zréms»mN:v e w:ﬁz;admixturesmith

“between the states,but since admixed octupole CO“p nents can have El
' 4 -
. L33

The Y -vibration may contain 3/2 components from the 5/2—[5h1],

calculate that the 593 keV state contains only 65% of e y-vibration, with
v Lo

12% 3/2—[5hl] and the remainder unspecified (table 5). Although the energ

B

denominator would appear to be large (ref. 17)) a 5/2-[521] component seem
o +
a possibility and would de-excite to the 3/2 [L11] band by El transitions

ey’ -

which are unhindered with r asymptotic quantum numbers. The

[
[2)
e}
O
(i
ct
(©)
ch
iS5t
D

5

: AW + ‘—1_ - Lys 3
analogous transitions to the 1/2 [L411] band are hindersd and this single- -

particle admixture would not explzin their occurrence.

Bds and Cho®') ‘have calculated the structure of the 3/2 {1/2 [ 523}, 2}



N

.1/2 = odd members between I = 9/2 and 21]2 but the energies of these

quasiproton component of level A‘ is 3/2" {;/2 [hl]] 1/2 Tk11]p,

7/?*[525]p}.' De~excitation of the vibrational sta

chk

e czn take plac=z

.‘_
e

] By e e Mivad
throush E1l transitions such as:. 3/2 {1/2[L411]p, 5/2 [¥13]p,

127152310} = 1/2°(1/2"[411]p, T/27[525)p, T/27T523)p} and 3/27(3/2 (411,
/2 T413)p, 1/2775231) - 3/27(3/2"Th11], /27 5250p, T/2[525]p}. These
transitions are essentially 5/2 [k13] ~ (/2 5815 8 blnda ed El transition,
nd T/2 [413] -» T/2[ 52 °5]; en unhindered El transition. On the basis o
values fof the components alone, the de-excitation to the
1/2+[h11] Sea e about 30 times stro onger than to the 3/2+[411] band.
One might expect, however, that this effect could be offsst by tﬁe retarda-
tion of the 5/2+[h15] £ 7/2;[525] transition relative to the 7/2

7/2 [523] transition because the former tr tion is hindered, an effect .

h

expecteu to pvoduce a re tardation of & ¥ 10 with respect to a competing unhindered

E1l transition. Thus the microscopic picture is not inconsistent with %he

approximately equal population of the [L11] bands from decay of levél.ﬁf.
A similar discussion of the 3/2‘ gamma-vibrational band in‘lSSHQ has been

presnnued by Reich and Bu”ﬁer28). ) : i

8.L Coriolis couoling in the 1/2'[h11] bapa  *

Rensfelt gﬁ_g}%) have located the I + 1/2 = even members of the

1/2" [Lll] band up to I = 23/2 by assuming that the I-=1/2 and I = 3/2

members are separated by 10 keV. They also ten E9t1V°ly proposed the I +

levels were not fixed relative to the band head. By combini"g the resulis

1]

of our decay scheme work with the reaction pectroscopy data it is possible

"to locate the entire band up to spin 23/2. 1In order for us to do this

1Eoiis necessary toAdetermine'which;y—line of the Stockholm work is the

I =9/2 to 5/2 transition since this transition was not identified in the -

decay scheme. ' An examination of the reaction spectroscopy data uncovers

two p0uent1al candldgoes for this crossover transition: 20L.2 2ad 208.8



et

3

keV. We select the 20k keV line as the better choice. Although the
angular distrivution coefficient A?/;o = -.Ck + .1k is not suggestive of

an E2 transition, there is a large error associated with the m=zsurement.

On the basis of cascade intensity balance (ref. L), the 20k keV v-ray fits
much better with the other members of the band. Also, a plot of the effe

. s 5 oS e v i _—g . G e I - .
tive moment of inertia vs. I (fig. 8) hac a ruch smoother trajecicry if
the 204 keV line is chosen.

@ ;

|

We have atlermpted in a crude way to extract parsmeters for- the

to the 1/2[Lk11] band is

e
(6)]

H
e
o

l/2+[hll] band from fig. 8. An approximat

given by the following parameters: G a ="=.52, in the fommula

S, iR T (T /e

It is apparent from the curvature of the lower envelops of the Zig-za

. u :
plot that there is ancmalous behavia? in the rotational band. This

curvature may r@su't in part frow Coriolis coupling arising from the closs

e Lo A =l s
proximity of the 3/2 [hll] band. Bunker et al” .) have done a detailed

analysis of the effect of the Coriolis interaction between these bands

J~te
]

185Ho where they also occur close in energy. They concluded that the -

: 3 i
anomalous decoupling parameter value for the 1/2,[411] band -in 1€5Ho

(-0.bk; theoretical value, —O 88) could not be explained in terms of the
expected Coriolis interaction with 3/2 [hll]. In *®'Ho 2 complete band

mixing calculation has not been done and is necessary in order to determi

whether a similar anomaly exists. :

9. Concluding re“ﬂr“s
NRUHRAN AN AT bbb

A study of the decay scheme of S'Er has given additional support for

pees L

the qualitative understanding of low-energy nuclear structure in terms of

1=
ct
w
(\)
ch
e
v
!

the unified model. The detailed level structure of “6lHo is no

2@ 8 ald ]

factorily reprbduced by calculations wi th the Nilsson scheme or by

_calculations of SOlOJl“V and co-workers. In pa articular, no evidence was



found for the populati

-

dicted

" the 8o ground stat

of three-quasiparticle states in
Finally, the dc—CXClE“LlOH patt

te shows convine ing

161, ;
®Ho as pic~

~

rn of the y-vibration built on

hyi*oaynawwc model, Three mechanisms which separately or taken together

could c\ulaln the y-ray branching

discussed although the data presbnted

are not sufficient to prove or disprove any of the mechanisms.

their assistance in performing the irradiations. We extend our gratitude

to Dr. Jd. Wilhelmy of the Lawrence

Radiation Laboratory, Berkeley for the

Nilsson level calculations and Prof. F. M. Bernthal of Michigan State

~

University and Dr. M. E. Bunker of Los Alamos Scientific Laboratory for

helpful comments.. i
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~’// , Table 4

' 2 161+ Sl SIORT )
Cavwm;va;s assigned to '®lHo from decay of ®'Ex
1
a g b
Ev o ) Assignment )

9.0

77.0 = 0.h 169 = 37 HD
8.2 20,7 55.6 % 7.9 HC
9h;1 2 O;l 13k £ 11 ED
99.5:% 0.6 6k x 17 BA
109.9 % 0;2 G 5k
130.9 * 0.2 88.7 x Lo FD
1k7.8 £ 0.5 324 19 LH
150.5 = 0.6 SR 5.2 D
152 £70.2 187 & 2.k KI
26200802 gk Chis ic
20k 2 0.1 162+ 8 JD
209.2 = 1.0 1k0 = 30 K,
2ii.1 =001 1820 + 80 CA
219.5 =92 1%:5 £.1.8 AT
236.3 +0.2 ?E.A‘i 3.é
252.6 = 0.2 9.1+ 5.3 GA
276.0 £ 0.2 6.0 £ 1.8 A'E
29§ G 0L 6.0 5.0 A'H
305.4 = 0.2 h8fo + 3.2 KD
309.1 £ 0.3 ok TN S |
21k.7 2 0.1 364 + 15 KC
350.2°2 0.3 2.2 2 1.0 B'H
363.6 5.& z 1.5
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503 .4
50550

528.0 + 0.
54L9.L = 0,
554k.2 + 0.
592.7
625.7
648,09 20
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1

690.
T19.

: T727.1 £ 0.

TTe2:%.0.
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2'.]_'.5 + 1.8
56.7.%3.0
63.7 + Lk,
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53.0 + 3.6
1k.0 & 3.2
59k & 25
k.1 = b3
131 + 9

20.7 % 3.4

S52.7 £ k.2
1535°%.2.5

k2 = 10

379 & 3.4 ¢
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13718 0.0 60 00 3.9

+ 1.7 at
137%.9 £ 0.5 . 11.8 + 2.3 : ak
1377.0 + 0.5 S0 Jat) uaol ZH
1583%.2 = 0.2 21,5 2,0 1,
1386.9 + 0.h Bi0-& 1.9 cF
1392.7 + 0.2 13.0 = 1.5 dr, aH
ek 0.5 2.8 £ 0.9 iy YG
Wh17.8 2 0.2 e 1023 7 e e XD
1421.1 £ 0.4 9.5 = 2.1
ihos o0k 9.8 £ 1.9
1429.1 £+ 0.2 52.T % 3.7 4B
1z 520,20 52.? . 8.0 YD
1kh7.0 £ 0.4 hog 1.1 GH
1k52.8 = 0.2 5 _T.G.i 1.1 ZD
ih56.h + 0.9 é.h £ 105 fI
1461.8 £ 0.4 -18.8 & 2% UA
L6k = 0,3 50.2 = 2.8 ZC
1468.9 + 0.3 15,8 ivl.s : aD
WTT.7 + 0.6 IR T ell
© 1480.4 £ 0.k 10.1 + 2.0 o as
1488.3 = 0.2 e o84 = 2.2 VA
ho2.1% 0.2 RS Uy bD
1495.2 % 6.9_ o5 ipes k8 Bt | hI
1517;7 <=5 e K 2 8.0 £ 1,2 :
1523.8 £ 0.9 .8 % 2.5 ap
1525 2%0.9° 11.7 % 6.0
1507.6+ 5.9 2.3 £ 1.5 |
1531.2 2°0.3 e B Lo &8, fH



1530 S5 g 203w 0.9
1549, 7 + 0.9 1.2 1.0
1555604 02 25.3 + 1.9
156%.8 + 0.3 2.3 0.7
1596.4k + 0.k 2.2 + 0.8
1515 6 £ 0.3 2.8 £ 0.7
1625 L + 0.k 2.0 £ 0.7
16L0.3% + 0.3 3.85.440,8
1656.6 + 0.2 88.6 £ 5.6
1691.7 + 0.9 .0 25 o
1714.8 £ 0.5 4.8 £ 1.3
1740.0 £ 0.2 6h.1 £ 5.7
1819.2 £ 0.9 1.0::570.6
1830.1 = 0.5 o 8.6 = 0.9
TE6B2 05T 2.5 &0,k

a)

c)

d)

g

Normalised to 10,000 at 827 keV

Letters designate energy levels involved in the itransition

“fig. b

Seen only in coincidence

o R m o
Contains contributions from *®2"Ho and '8%Er decay

Wide peek, prcbably = multiplet
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Gamma-rays in coincidence from the décay of Er

1 | “

Cr'//‘
E Gamma-rays in coincidence
ki : !
5 : ot 2
(keV) L : LasMith BT
A : : , Y

77.0 : - agho
ok. 1 e 209.2, 951.7, 11k5.3, 117k. 7
s SaT s . |

130.9 : e ~-1303.3, 1338,2
201.k 970.3, 973.0, (1064.9)

209. ok.1, 931.7

CIND IR RD

252, 507.5, (980.2)
(870.9), 9557

(80k.3), 864.8, 895.6

31k,
592.
826.
86L.

none
592. 7
931.7 20905305 ) St

SO0 Oy gl g

.7 el ol &

1209.9 ’ : S

o

a) Questicnable coincidences are in paranih
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Table 3
| K conversion coefficients and multipolarities in '6'Ho
B aKa) Multipolarity
(keV)
130.9 Bisiata, ontege) (E1/E2)
201.4 3.5 + 1.5 (-2) El
211.1 Lo E-0.5 6T) E3
BT 1.1 £ 0.2 (-2) El
421.6 oty 6% : 27 (13) E1
1468 7.0/4 2.8 (3) E1
507.5 , 1.9 + 0.6 (-2) M1/E2
- 592.7 e el (-3) E2
€48.9 - | 8.3-i 1.8°(-3) . E2
812.i b7+ 1.5 (-3) » E2
826.6 _ 8.5 = 0.6 (-3) M1
8648 - 5% T e L E2
931.7 / fe e 3. | M1
1338.2 : : 1.2 % 0.5 (-3) ; (E1/E2)
d3558. 5 B 6.9 £ 2.5 (;L) | ] El
L1781 : 1.8 % 0.6 (-3) ; M1/E2
iésé.é_ 1.1 + 0.4 (-3} e E2
a) Computed from the Y-ray Vintez&sities of this work znd the \
conversicia electron data of ref. 3), see text for further



Table 4

and level assignments in

161,

Log ft values Ho
Erergy Code 1 log ft K[l o, AJ
(xev
0 A - - /2, 1/27 [523]
g, el 504 i 2 /2, 9/2” [523]
s g} 2.0+ k.0 >6. 14 {l/é’ l/?: e
222.k =02 D 1/2,. 3/2" 411}
2Eonbe: 0y D g - - T2, 7/2+ [L0k]
298.6 + 0.2 H 4.8 & 2.k 6.7+ 0.5 3/2, 3/2" [k11]
316.4 = 0.3 E > % 1/2, 5/2% [k11]
353,20 +£70.9 F : - 1/2, 7/2" [b11]
-_575.5 +£ 0.2 % R 3 3/2, 5/2° [k11]
hé3.8 0. B g 0.5+ 0.2 : e 0.2 1./2, (L2, s/ Tk
4L6.8 = 0.2 L : A -5/2, 5/27 [402]
525’._8'# Gos K 0.8 = 0.4 7.k + 0.2 - L2, bl o]
592.7 + 0.1 A" 1.1+ 0.5 7.5 s 3/2, 3/27 {1/2[523], 27)
648.9 £ 0.2° .3_'- 0.2 £ 0.1 - 7.9 £ 0.3 3/2, 5/2° {1/2[523], 2+}
760.1 £ 0.3 M i : 5/2, 5/2° [k13] |
826.6 £ 0.1 N 68.2 = 0.2 553 3.0.1 Bi2sas/e “f5ro]
HEomo.e g el aon 7.9 £ 0.2
1839.8 0.2 ' p 0.8 £0'1 7.5 0.1
1325.1 £ 0.2 06 tig D 6. 0%, 01
139h.4 = 0.2 R 0.8 + 0.5 6. T % 0.2
1396.9 50,10 8 2.0 + 0.8 6.3 £ 0.2 l
1&57.5;0.1‘ A T .5 +0.3° 5.810.1
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Complex and.three-quasiparticle states in

Table

c

2

181;.
elk-.o

1900

y i }

K2 Energy Theoretical structure”:
(keV) |
T2y 0 5251 99 %
3/0" 160 b11; 95 %
Vet 220 §111 95 5
5/ ’ 500 4131 98 %
> 670 - holy ok % (hoz, + 27) 4 %
(- 850 (h111 + 27) 95 %; L1351 5 9
v 900 5321 91 %
s/ = 1000 (5231 + 2%) 65 %; 5211 12 %
1/ 1000 i+ 2 ) 95 % hiliis 4
10727 _ 10850: .4 (5231 + 2%) 99 %; 505: 0.1 %-
oler 1100 51kt 99 % . | 1
3/2+ - TR (hlll.% 2°) 97 %; ko2t 2 %
i + e ;
_ 5j2+ ! 1500 ;5/2'[521]n,5(2+t6h23n,7/2'[5231p§
2 : - ‘ ' ' -
ije_ bigsis s {3/2ft3?1]n{5/2'[525]H,7/2;f523]p}
1/éf i 1900 - i5/2°[5él]n,5/2-[Sél]n,l/2+[hll]p}
3/27 i

'53/2’t521]n,5/2+[6L2]é,1/2*[&11]p}

4 Refs'.20,21{22}25)



Microscopic

" Table 6

structure of the 5/2~{7/2~[523],2+} state®)

Proton Orbitals ! - (amplitude)® %
Li0 PRy s/ Py e - 29.
1/2'Tk113, 5/2%813) e 9.4
5/2'Tko2], 9/2"[kok] Tt 2.3
1/27[530], 5/27[532] ‘ > 3l
3/2"(k11], 7/2' k23] i 0.3

ey SRR R S ,
a) Ref. ), only the mzajor components of the threa— -

quasiproten admixtures are listed
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Fig. 6.
Evg, 7.
Tl 8

. &) . . . 1
Asyroteotic quanium number assignments in *©'Ho.

Experimentally observed Nilsson single-quasiparticle states in

the odd-A holmium isotopes.

. . A . A : . S1-;
Theoretical predictions for single-proton levels in l? Ho.
The energy level scheme was calculated using the Nilsscn code

18 , y e oy : o L -
(ref.””)) and corrected for pairing using the parsmeters of
- 19)

ref, The experimental level scheme is included for comparisch
§¢)

Plot of effective inverse moments of inertia associated with
individual cascade

d
L

The data of ref, ) were used to construct the hand above spin

et
e

ransitions in the 1/2" [411] band in '®'Ho.

7/2._ The numbers shown on the abscissa are values of x.
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