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Abstract: The gaT:Tma-ray spectrum of the decay chain 101Er -, 161Ho -
'UN'...., '....b--1,·'e ·, N.. 't.'A

161.Dy has been studied with Ge(Li) detectors.  Results of y..ray singles

and coincidence experiments are reported and a decay scheme for

161-   1 1sr -" 6 Ho is proposed. Asymptotic quantum-number assignments are

made for several nex -energy levels in 161Ko and the results are ccm-·

pared to predi ctions of the unified model. No evidence was 1  U J- L,-        1-  L· f

the population of three-quasiparticle states in 16120.  De-excitativn

of the 3/2-{7/2-[523],2 } Y-vibrational state and Coriolis coupling in
-

the 1/2 [411] rotational band are discussed.

RADIOACTIVITY 161.Er [ from 161Dy(CL,4 n)]; measured. EY,- IY,-

-

161
E     YL-coin, Tl/2; deduced log Il. Ho deduced levels, 2, II,

9.. v-multipolarities. Ge(Li) detectors.K. 1

t Work supported in part by the U. S. Atomic Energy Commission.
..

-  tt  Present  address: I Institut fur Angerandte  Kernphysik,   Kernforschungs-
zentrum Karlsruhe, Karlsruhe, Germany.

NOTICE
„  This report was prepared as an account of work

sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy                            -

-   Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-

-
 

DISTRIBUTION OF THIS DOCUMENT IS

UNUMITI , 

pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.

.. -  .---i-



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



1.  Introduction
4··'/:26.':;1.NmA',':;;.•:4·:/.': :.,\

In refent vears  the developments  in the theoretical understf:ndi.ng

of .low-energy nuclear structure and in experilfiental equipment for nuclear

spectroscopic studies have been considerable. Perhaps the most important

ingredient necessary at this time for further progress in understanding

nuclear structure is better experimental data on single-particle states

1and hence an improved knowledge of the average single-particle field-).
The level scheme o·f 161 Ho is one such case where in;Drovements in the

experimental data are possible.  Early work on this nucleus was confined

to investigation of the decay scheme of 161Er using NaI(Tl) detectors2)

and most recently in 1966 by Gromov et al3) using a magnetic spectrometer.

The early work has been thoroughly summarised in ref. 3) and is not

repeated here.       - --

Another experikental approach to understanding the level structure cf

161                                                                              '
Ho has been made by two groups of experimenters in the past year.

4                 5,Rens felt et-al   ) and Alonso  .etal   ) at Stockholm  and Yale, respectively,

have measured the reaction y-ray spectra of 161Ho in-beam at acceleritors.

These experiments have provided a great deal.  of information about the

rotational band built on the 7/2-[523] ground state of 161Ho and to a

lesser extent about the band built on the 6.1 sec 1/2 [411] iscmeric
6

state ).                                      -

IM this paper we report our data on the y-ray singles and coinci-

denee spectra of 161Er decay to 161Ho obtained using high-resolution Ge(Li)

detectors.

.2.  Source orevaration, irradiations and chemical seoaratien
i

:.
.

NWI,·;20:t··.'i':th'4,·NN•Y ·Gi';'T'i,·22·:N,·94·'.6'4,·i·i'.·;;4 ,'i·,9.F';,f,4.V;,·.'i'Rk.·,·t.·NN.'N;k.'.'M.'6·,1'.i••'·;i:,•t.•,·.':/t.;·;.;•,.4,ip.·,·6;t,*:,t,;;t;.';:,»,·;.•i:,;t,·i,;i#.14;;.·,•0,

i

Targets were prepared from DY203 enriched7) to 90.0% isotopic abun-

1
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dance in Dy. The rare-earth oxide powder was slurried in an acetone-
161

water solution on 30 mg/cm2 all.uninium backing foil and dried. The thick-

ness of the deposit was typically about 5 mg/cm2.  Targets were covered

with  a  3  mi/c,2 foil which served  to  contain the radioactive material

during transport.

The 161Er was produced by ihe 161.Dy(o/,4·n) reaction in the 41 MEV
4He-icn beam of the Yale University heavy-ion accelerator.  Beam currents

were typically 0.7 PA and irradjation times about 7 h.  Samples were re-

turned to Clark University for chemical separation and counting.

At 40 MeV bombardin energy one expects8,9) the predominant reactions

to be (0,3n) and (E, 4n) with significant contributions from (2,2n) and
(cy,p2n). Experimentally, the only radioactive rarelearth conta:r,ir ants were-

29-h looEr from 160Dy(E, 4.n) and 63-min 162mHo from 161DY(o, p2n); 162Er from
161Dy(0,3n) is stable ar.d 75-min 163Er from the (2,2n) reaction decays

.through a 99.8% branch to the ground state of 33-y 163Ho:

-

Radioactive contaminants arising from the aluminium foil and the oxide

.  were removed by a simple chemical procedure.  The irradiated DY203 was

dissolved in hot concentrated KN03, HCl was added and the solution heated

for several minutes.  The rare-earth elements were then precipitated as

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

resulting precipitate was centrifuged, washed and mounted on a sample card.

The -delay between end of irradiation and- start 6f y-spectruy. measure-1                                   -
I ments was typically 2.5 h.

1

3.  Source counting
R.'th/A·#.·/INA,V:N:U,·.4.·2,. ''.16·<I, *

Three Ge(Li) detectors were used in measurements of the singles and

coincidence y-ray spectra. .A planar detector (5.5 (m2 x 9 mm depletion-

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



spectrum.  1he detector gave a resolution of 3.0 keV bkilt'·1 at 1332 keV.
Later measurements were made using a 33 cma detector fabricated as a right

circular cylinder with one open end, which gave a resolution of 2.2 keV

FWIGI. The better medium- and high-energy data were obtained witlt the large

voltin:e detector. Conventional pulse-shaping amplifiers and a 2048-channel

pulse-height analyser were used in measuring the Y-ray spectrum.

Counting rates were kept at an optilnwn maximum of about 104 counts/sec

by varying the source-to-detector distance. This maximised counting

statistics without inpairing energy resolution. High-energy regions of the

gamma-ray   spectrum were studied  with   lead abs orbers located·between   the

source and detector to suppress low-energy contributions to the cqunting

rate.  The closest scurce-to-detector distance in the singles experiments

was 1 cm. The incidence of summing between time-correlated Y-rays was

- estimated froin spectra taken with and without lead absorbers.

Coincidence spectra were measured using the 33 cm3 detector and a

15 cms detector of similar design with 2.3 keV resolution.  The detectors

were positioned in a ccaxial geometry during these experiments. The

coincidence measurements w e r e made with a fast-slow coincidence unit and

·a system of digital gates. Output pulses from the ADC of the gating

detector were selected by s€tting digital windows on the spectrum regicns

of interest.  Pulses from the other detector with the proper time relaticn-

ship to the gating pulses (resolving time 70nsec) were select vely routed

and stored in the memory of the pulse-height analyser. Typically, eight

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

each experiment. In order to identify background contributions, off-peak

=gates were set for Zach peak. The spectrum frcm each background gate was

then subtracted from the corresponding peak gate.  The true/chance

coincidence ratio for the system was about 60.

-

1
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4.         G am;rla- r al.r el-: ergv and intens i tv measuj·enentsI RAMANVER;1 't< 2**UMMlit t  ·: 1 111:'  t  INiEVAIM#*MAX:::K::12 : ::Ii::;t t:'t   t h

The  energy cal ibration  was ma.de using sources  supplied  by  the  Inter-

national Atomic Energy Agency ( IAEA) : 241-Ani, 5'/CO, 22#Ia, 137CS, 5<i·:11, EEY,

and   coC O .      Sources   of   leoT"b,    109Cd,    130(e,    1.92:[r,    22821,    110:11  g,    2078·i,

=-65Zn,  24Na and -'°Co were  also used.    The  185.0 keV photopeak  of the  162.:' {o
10

present in the so-arce was used as an intek·nal standard   ).   The IAEA sources

were also used as primary standards for construction of detector photcpeax

efficiency curves . Additional information about the  shave  c: CL curve was

provided by fitting relative intensity measurements of gaina-rays from

16oTb, 192Ir, 152Eu, 110EAg, 207 i and 56Co to the curve determined by the

IAEA standards.

The spectra were analysed in terms of energy and intensity by fitting

a triangle to each experimental peak. A detailed description of this nietlicd
---           11· has been given by Sugihara et El   ) ·   The apex of the fitted triangle defined

1

the peak-channel number, and the area of the triangle was related to the
1

-

relative gazEna-ray intensity.

The energy corresponding to a channel number was obtained from the

1

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

sevarated by approximately 1000 channels wfre used to determine a set of-

i
-slopes for the energy calibration curve..  An average slope Computed from -

i this set was used to define a linear. calibration equation. The-deviations
t

of individual points from the linear fit were plotted on an expanded scale
1

-

and used to determine a correction curve for counting-system nonlinearity.
1

1              Each peak channel was corrected for system nonlinearity and the corres-

ponding enerlv was calculated using the parameters of the linear equacion.i

l

The errors quoted for photopeak energies incorporate errors in energy of

i              .the standards, the reproducibility of peak energies in two or more spectra

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

from other photopeaks and the peak intensity with respect to the Comptoi
1

·

background radiaticn.

1                          -
Genna-ray intensity error estimates include contributions from the



reproduc ibility   of peak intensities in several measurements with different.,      I.

detectors, the error in the photopeak efficiency curves and absorber car-

rection curves, error introduced when peaks were inconipletely resolved

from other photopeakst)/'/ nd the uncertainty due to the backgroupd beneath
t

a peak. The efror in the photopeak efficiency curves took into account

the varying source-to-detector distance during counting, source self-absorp-

tien  and  noripoint  counting  geometries .

5.  Half-life studies
N;ft;;LLAP; ;.'4;;*2;,a;,22/ziN.'ck,,2,44 Lir,1

Gamria.-ray spectra recorded as a function of time following bombard-

ment were used to aSSign peaks to the decay of 161Er and to identify peaks

arising from surinling of y-rays which were uncorrelated in tilne.  The
-

160 16,1.
'

C „/37-  '  ..   . 4 1  .  ·           ·
half-lives·of the radioactive impurities, Er·and : Ao,  are .sideifir-

4 ...,.- l. 'i: „ , • .                                                                                                                                                                                                                   i

* _cant.ly/different from- 161Er for this method to work reliably for the more..-

**K---*--i

intense lines.  To aid in identification of weak lines, sources of 16'Er

and 162mHo were made and the y-ray spectra measured. Contributions from

these impurity activities were identified in the 161Er spectra and re-

12
moved from consideration.  Scme of these data have already been reported -) .

A-similar procedure was followed to identify the y-rays from 2.5-h 161Ho
-

decay which is present in equilibrium with 161Er at the time of source

count ing. . Further confirmation   of the assignments was provided by studying

the y-ray spectra from 2-particle bombardments of 161DY203 at 22 and 32

MeV which emphasised the (a, 2n) and (a, 3n) reaction products.
- -

    The half-life of 161Er was determined by following the gamma-decay

of six inter.se lines: 94.1, 130.9,  211.1,  314.7,  592.7 and 826.6 keb.
 

Data. were collected cver a pericd of  six to eight half-lives  in a number

-

of experiments using.different detectors and pulse-height analysers.  The

weighted mean value of the half-life for 161 ar aetermined in this manner

1         7475<.



' CO is 3.24 -1-1.04 h.  The error estimate includes contributions froh error in
• .0 -6

the intensity measurement of the photopeak: and the error over several

determinations.

6. Results
h'Whli,·5:,·-yet,·:,f

. Typical gan_ma-ray spectra over the energy range 20-2300 keV are shown

in fig. 1.  The energies of the pdaks have been rounded to the nearest

integer, and impurity lines are assigned where known.  The results of the

analyses for energy and intensity of .161Er gamma-rays are summarised in

tab].e 1. Transitions in table 1 are encoded; for example, 5?, wliere the

161-  - letters refer to the initial and final levels, respectively, in Ho as

designated in fig. 4 and table 4.

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 cons idered a strong coincidence, the peak in the coinci-

dence spectrum had to be clearly distinguishable 1.hen compared with the

bpckground spectrum of the adjacent Compton gate.  In addition the intensity

relationships among lines seen in coincidence should be in agreement with

the proposed decay scheme.  An example of the -coincidence spectra is found

in fig. 2 where the y-ray and background spectra in ceincidence with the

-         932 keV transition are shown.

.An attempt was made to make multipolarity assignments using our gamma-

ray intensity data and the conversion electron intensity results of Gromov

et-a13).  The intensity scales were normalised to the theoretical value

13\1 (ref. )) foi- an E3 assignment at 211.]. k€.V. Experimental conversion -

coefficients determined in this wiy are presented in fig. 3 and table 3.
-  In many  ins.tances at energies above  600  keV -it was difficult  to determine

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

in the reported transtion energies and.because of the poorer resolution of



the electron spectrum at high energies.  In a number of cases 'there are

three  or four strong gastma-lines  corresponding  to  each .e].ectron  line.

Therefore, we report cnly those conversion coefficients where the corres-

Dondence between the  electron  afid.rray work is up.arrbiguous .    where  the

convers ion coefficient in table 3 is consistent with more than one assign-

. ment, the ambigui.ty is denoted,  for example, (El./E2) 1·,eiere we meRrI either

.El   or   E2.       The    assignment,    Fl,     is    not   meant   to   preclude    significant   adul.xture

of E2 character or vice versa.

The decay scheme proposed for 181.Er is sho-wn i.n fig. 4.  For the most

part, the transitions we observe have not been seen in the previous decay .

studies263)    or   in the recent in-beam reaction y-ray exper bmentst, 5).      A

number   of excited levels   have been reported   in   the previous decay expel'i-

ments but only three were firmly established in the scheme: 211.1, 592.7

and 826.6 keV. The decay scheme in. fig. 4 is proposed on the basis of

coincidence relationships, energy sums and intensity balances, multipolarity

information and-nuclear systematics.  Transitions whose placenent in the

scheme is supported by the coincidence experiments are shown as filled cir-

cles;  questionable  data are shown  as open circles. Levels are coded

alphabetically for  ease in presentation of Ene-data. Levels which have    -

been   assigned  to a definite -rotational or vibrational band:are  designated

sequentially. Under this notation the ground state rotational band is de- -

noted A, B, the K-2 y-vibrational band built on the grouhd state A',B' and-- - - --

the band built on the 211 keV level is designated; Cj D, E, and F.- Above
--

700-keV the ccding is alohabetical with increasing excitation energy.

The   scheme as presented   in   fig.   4   incl udes   141  of  the 179 Y-rays

161„assigned to Lr decay. Twelve transitions are .assigned  in two locations.

Approximately 3% of the total y-ray intensity is unassigned with a similar

amount being  assigned  twice.
-

Log ft values for electron. capture decay cf 161Er have been calculated
-



.. and are found in table 4 and fig. 11.  The 8-·feed to each energy level was

estimated from the intensity balance for the level.  Care was taken to

ccrrect the y-rav intensizies for internal conversion and to include any

uncertainty in multipolarity assignment i.e., M.1/22 mixing ratio, in the

.error estimate of the B-feed.  The error associated with transitions which
are assigned in more than one location in the scheme was accounted for by

incorperatizig ail uncertainty equal in niagnitude to the s:un of the· intensi-  .

ties  of the doubtful transitions.    The  8-fead to each level conputed  in
-

this manner is found in table 4. Where there is no B-feed to. a level

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

copputed from these data assuming there is no direct feed to the ground
i

1              --    1 6 1Sta,e oi Vio, using .a QEc of 2050 keV ( ref. 3) and our value of the 161Er

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

log it computations will· be considered in the discussion section.

7.  The 161Ho level sdhemeNmwit'tm Miti t.' 2;,·Rh'; fth#wmmwwmwwumA

'61
In the following paragraphs, the properties of levels in -  Ho ate

discussed individually or in groups where appropriate.  The asymptotic

quantum number assignments are summarised in fig. 5.

7.1 The.ground-state. rotational band

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

is well established from the reaction spectroscopy work4'5).  In our study

there is no evidence for population of the band above the I = 9/2 mewoer
at 99 keV.

7.2  The 1/2 [411] rotational band

- The rotational band built on the 1/2 [411] isokeric state at 211 keV

I                  has been partial-Iy characterised by the Stockholm work. ·Nuclear systematics

1



suggest that the spin 3/2 member of the rotational band is fourid e.bout

10 ke'/ above the band head ( the exception being le·SHo  khere  the  energy

separation is 20 keV (ref. 14)).  We propose that the 222 keV level in
. ..

161

1,\t/
Ho is the spin 3/2 member of the 1/9[411] band.  The Stockholm group

0
· 161observed a 131 keV transition in Ho I·f.nich they assigned as the 7/2

-' 3/2 crossover traasition in the
1/ 41].]  band   on

the basis of cascade

intensities and angular distribution data.  We also see this transition

and   concur   with   ihe i.r assignment which locates the ' 7/2 band member at

353 keV. From systematics of the 1/ [411] band energies and from
de-excitation patterns of the high-energy levels it appears certain tliat

the 5/2 mern'ocr of the" band is located at 316 keV. There is no evidence

for populati.on of any of the band menters with j > 7/2 from 161.Et decay.

Further discussion of the
1/ [411] band

is deferred to section 8.4.

7.3 The 3/2+[411] rotational band and the 7/24[404] band head-.I.--

The 3/2,  3/2+[411] and 7/2,  7/2+[404] Milsson states are expected to

.   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-established single-quasiparticle

/1art- states plotted for the holmium isotopes and in fig. 7 where we present
».t'

- 1.-/  .-.------*..

...L../.---- the results of calculations of Nilsson energy level diagrams for Z = 67,

A = 161 (ref. 15)). The level -at 253 keV is interpreted to be the

7/2*[404] state because of its exclusive de-excitation to the spin 7 2
ground state. Further evidence for thii assignmenc is cne ooservation of

a .fairly intense 253 keV I-ray in the reaction spectroscopy studies of

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

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

.lation   of the 7/ 404] band inheavy- ion bombardments.

We assign the 299 and 373 keV levels in 161Ho as the 3/2 and the 5/2
4

./ members of the 3/2+[411] band. Strong. support  for the assignment of the

1

'                                                                                                                                                            ..



' 299   keV  level.  as  the   3/2+ [1111]  band  head  is  the  log   it  value   of  6.7  for

electron capture feed which is consistent with a 6-transition of the
-

non-unique first-forbidden unhindered tj,pe (61 = O,  di, 61 = yes) .
· Assignment of the 373 keV level as the 5/2 member of the 3/2 [411] band

i ·   requires the acceptance of a larger than usual energy spacing from the

 

band head (usually about 55 kev).

7.4  The KTT = 3/2- 7-vibrational band

, 3,The level at 593 keV ha.s been assigned in previous wori ) as the

E-2  7-vibration  superimposed  on  the 7/2-[523] ground state.     The  .strong

E2 transition connecting this level with the ground state is the major

: evidence for this interpretation.  The 649 keV level is assigned as the

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

patterns  and rotational parameters.    The values of t.2/2,5 determined from

the first two band members for the ground- and y-bands in 161Ho are 11.51

165-and 11.23 keV, respectively. For comparison, the same parameters rn no

are 10.52 and 10.26 keV. The structure of the band-head is discussed in
hore   detail in- section   8.3.

l

-     .   7.5    The  5/2-[532] band head

The level at 827 keV has been previously interpreted as the 5/2,

5/2-[532] ·Nilsson state. The strong Ml transition connecting this level
1

: to the ground state together with the log ft value of 5.3 for 8-feed

from 181Er supports this interpretation.  It is interesting to note that
i
,

I the f-decay transition matrix element  for  3/2,3/2- [5211  - 5/2,5/2- [532 ]
1.

I            comes under the recent classification of allowed-hindered transitions by
1

1

..

1



16.Fujita et al  ).  The log ft value of 5.3 is in a.grecment with their pie-

di.ctions .

7.6  The 1/2-[541 ] rotatic,nal band

Multipolarity data require that the levels at 424 and 526 keV have

negative parity.  From fig. 7 it appears that the gnly low-lying negative

parity states expected in 161Ho are those of the 1/2-[541] band.  We
suggest that the 424 keV level is either the spin ]./2 or 5/2 menber of

this  band  and  that  the  526  keV  level  is  the  3/2  member.    There  are  two
difficulties with this interpretation: either the spin 1/2 or 5/2 member

of the band appears to be missing, and the strong feed to the 523 keV

level from the 1457 kev level does not appear to be matched by a con:parably

strong transition between the 1457 keV and 424 keV levels.

7.7 The 5/24[402] and 5/2+[413] band heads

The levels at 447 and 760 keV appear to be single-quasiparticle states

but the asymptotic quantum-number assignment of these states is somewhat

· unclear. The level  at  447  keV is supported by the rather strong coinci-
dence between  the  447  and  1209 keV y-rays. A 447 keV line was seen by

the Stockholm gioup but was not assigned.  The transition is El according

to the conversion coefficient  dat5 indicating positive parity  for  the  447

keV level.  The existence of a level at.760 keV is based on the strong

coincidence between  the  253  and  508 keV y-rays. The BEL/22  multipolarity
-

of the 508 keV line determines positive parity for the 760 keV level.  The

decay atterns· in 161Ho suggest that both states have a spin.< 7/2.

I

·                  Consideration of figs. 6 and 7 leads us to propost that the 447 kev

I                       level is the 5/2,. 5/2+ [402 ] Nilsson state and the 760 level is 5/2,
5/2+ [413]. According  to  fig.   7 both states are expected below  1 ·MeV  in

1 -.
1

.....i..                                            I



161Ho  althoug  .the calculations indicate that  the  5/2+ [413]  orbital  should

probe.b].y be ].pwer in energy tlian 5/2-'- [402 ].     Experinental  systematics

indicate,  ho-,·rever,   that  the  5/2-' [413] state  is more likely  to be found

near  700 keV. There is little information  on the location  of the 5/2+ [402 ]

orbital in light-mass rare-earth nuclei, although Ogle et .al:17) suggest

that  the  15'Tm  ground  state  has this configuration.

7.8  The high-energy levels

Using the niultipolarity data, log fi values and de-excitation patterns

it was possible to assign spin and parity to several of the high-energy

levels. These results  are  shown  in fig.  4. The assignments should be
 

regarded with caution because of the uncertainty in the high-energy

multipolarity assignments.

8.  Discussion
#6'8,3.4,#R,Pmt,' im

In this section we compare the 161.Er decay scheme with various aspects

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

states, 'three-quasiparticle states, y-vibrational states and Coriolis

coupling.

8.1  The single-varticle states

In fig. 7 are presented the results of a calculation of the single-

-.



quaslparticle level energies for A = 161. 900 single-particle. calculaticus

18             15)were performed with the code of Milsson et al  ) by Wilhe 1my using the--

para_:ietric values K = 0.640 and p  = 0. 597. The simple recipe T,•7ithout

blocking was employed for the inclusion Of the residual pairing force,
., -using the correlation function and chemical potential   as   evaluated  by   -                ,_i

/Malov et 2119).  In general, the level ordering and energy scale;is; satis.-
.

faccorily reproduced by the theory.  One unfortunately experiences diffi-

..:.--7
culty in trying to make finer Comparisons between experiment and theory.

:GU: A,-.*<2: For example, it is not possible to choose a combination of £2 and 64 values
-                                                 M

  iG>  which simultaneously gives the correct level ordering for the 7/ -404],

1  V <-        1/  51:1]  and 5/ 402] orbitals  in the scheme.    We  find therefore  that  the
1

/\

    accuracy of the theory as presented here is insufficient to permit the
C., -23                                                                                                                                                                                                                                      .<Ult:./  use of the experimental level ordering as a device for estimating the

161values of €2 and 64 in _.= Ho. These orbitals, .which vary rapidly in
-      -       -

energy with changing 62 and e are a good test for future theoretical4'
-     -

endeavours.

8.2  Comolex and three-quasiparticle states

20,21,22Soloviev and co-workers
. )  have made extens ive calculatioris

1

 

on the interactions of quasiparticles with collective vibrational phonons

: to give states of complex structure.  Results of these investigations

1. which are applicable to Ho are found in-table 5.  Soloviev23) has also
161

predidted the existence of three-quasiparticle states which are expected

3 to occur at an excitation between 1 and 2 MEV· in is 1.Ho: those configura-

tions which are ·axpected to be populated in the decay 01 Er are incluaedr 161

 
in table 5.

1                                                                                                                                                       -

i                                               .It   fs   evident   from  a   ccmparison   of   the exper imental results   and   the
. theoretical.predictions. in table 5 that a great deal remains to be learned

-

i

1
-



· about nuclear structure. Our decay scheme work is not able to test the

degree of admixture of orbitals in the states of complex structure. ]t

is evident, though, that the experimental level ordering is not accurately

predicted by the calculations.

One must also coiiclude froin our experimental work that there is no

761evidence for the population of three-quasiparticle states in -  Ho.

25\
According to Soloviev  1 one might expect to find the allowed-unhindered

(62)  8.-transitions:    Er161  3/2-{3/2-[ 52].111  +  5/2-[523]n  +  5/2-[ 523]n}
-

161Ho 1/2- or
5/2-{3/2-[ 5211n + 5/2-[ 523)n + 7/2-[ 523]p}. Such states

in Ho should be recognisable by a log ft value <5.0 for 8-feed
161

1                                                                                                                                                                                                              -
from 161Er.  The lowest log .ft value we find for an excited state above

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

sider the effect of the unassigned x-rays in table 1.  If the extreme

assur_ption is made that"all the unassigned y-intensity were to de-excite
.

level Y the effect is to lower the log ft to 5.4 which is too high a value

for an au transition.

8.3  The 3/2-{7/2-[5231, 2 1 vibrational state

From the point of view bf the hydrodynamical model a K-2 1-vibration -

should only de-excite to the single-quasiparticle state on which the vibra-

tion is-superisposed.  In 161Ho, the 3/2-{7/2-[523],-2+} state should only

decay to the ground state.  The existence of quasiparticle-phonon coupling

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

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

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

possible within the microscopic picture of collective vibrations.
.

· The transiticns observed between the y-vibration at 593 keV (level

21 ) and members of the 1/2+[411] and 3/2 [411] bands can.be discussed in    -.

t



terms of these theories. Assuming that the E2 transition A' A has a strength,

of 2.0 single-particle units (the corresponding transition in 165Ho is

24 0118 CCAU
1.9 spu ) 4.-66-Ycest:.=»-4#  deduce the hindrance  factors Vith respect to

,  -25\\4/ 4the 1·leisskopf estjma'ue (rei.   1 / tor the El transitions from E_ to the
[411]  bands.     They  are:     S.9,   5.9  x  104;  A'E,   2.1  x  104;  A'lj.,   3.8  x  104;

and    A'  I,     2.6   x 104. These hindrance factors are typical for R-allowed El

transitions between single-quasiparticle states in these nuclei.

One way to explain the transitions to the [lili] bands is to postulate

that the 1-vibratj.on contains ii- = 3/2- components arising from collective

octupole vibrations  built  on  the   1/2 [411]   and. 3/2 [J:11] Nilsson states.

0  161.
Such collective modes probably occur at energies above 1200 keV in - -Ho

-                         160
in view of the location of the 2- and 1  octupole band heads in Dy at

26,1264 and 1288 keV 6 respectively. One expects that collective admixtures

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

- ·between the states,but since admixed octupole components can have El
04:·,t=,aAalle  4-0  401, 41(.4912 -Av- de  07€5  5Ulcli

strengths 19&/e e-241261- 5%C-1 .  1,it-rrr rc-2  cv-. - r,x,LA  admixtureSmight

be sufficient to explain the El transition probabilities to the [411] bands.

The y-vibration may contain 3/2- components frow the  3/2-[ 541],-                          ...

2013/2-[ 532]· and  3/2-[ 521]  single-quasiparticle states. Soloviev and Vogel.    )

calculate that the 593 keV state· contains bnly 65% of the rvibration, with
12% 3/2-[ 541] and the remainder unspecified (table 5).  Although the energy

denominator would appear  to be large  (ref.   7))  a 3/2-[521] component seems

a possibility and would de-excite to the 3/2 [411] band by El transitions

which are unhindered with respect to the asymptotic quantum numbers. The

analogous trans itibns   to the 1/2 [411]   band are hindered  and this single-  -

particle admixture would not explain their occurrence.

27
B&s and Cho  )-have calculated the structure of the .3/2-[7/2[523]' 2 }

y-vibration using a microscopic theory.  The results relevant to the present0
-36 6

i discussion are surmarised in table 6 and indicate that the dominant three- .



..

quasiproton  component of level.  AL  is  3/2-[ 3/2+[411]p,   1/2 [ 411]p,

7/2-[523]p}.  De-excitation of the vibrational state can take place

through  El  transj.tions  such  as:.   3/2-{1/2 [411]p,   5/24.[413]P,
7/2-[523] p}  - 1/2 [ 1/24[41].]p,   7/2-[523]p,   7/2-[523]p]   and  3/2-{3/2'2411]p,

./

7/2[413]p,   7/2-[523]p1   -'  3/2+{3/2+[4111,   7/2-[ 523]p,   7/2-[523]p].     Tbese

transitions are essentially 5/21[4131  -  7/2-[523], a hindered El transition,

and  7/2+[413]  -'  7/2-[ 523]3 an unhindered El transition.    On the basis  of
9(amplitude)- values for the· components alone, the de-excitation to the

1/2 [411] band should be about 30 times stronger than to the 3/2+[411] band.
One might expect, however, that this effect could be offset by the retarda-

tion   of  the   5/2+[ 413]  =   7/2-[ 523] transition relative   to  the   7/2 [413]   =

7/2-[523] transition because the former transition is hindered: an effect
4

1expected to produce a retardation of 0'10 with respect to a competing unninaered
-

.El transition. Thus the microscopic picture is not indonsistent with the

approximately equal population of the [411] bands from decay of level Al.

16 57 rA similar discussion of the 3/2- gamma-vibrational band in "   no has been
28,

presented by Reich and Bunker  j.

       .  8.4  Cori6lis couoling in the 1/21[4111 baitd   '
4

Rensfelt  .et   al   ) have located  the  i  +   1/2   = even members   of  the

1/2 [411]  band up to I = 23/2 by assuming that the I- = 1/2 and T = 3/2
members are separated by 10 keV.  They also tentatively proposed the I +

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

-   lewels were not fixed relative to the band head. By combining the results

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

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

it is necessary to .determine 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.  AE examination of the reaction spectroscopy data uncovers

two potential candidates for this crossover transition:  204.2 and 208.8



keV.  We select the 204 keV line as the better choice.  Although the

angular  distribution· coefficient  AL>/Ao  =  -.04 E  .14  is  not  suggestive  of

an E2 transition,  there is a large error associated with the r.easi- renient.

On the basis of caseade intensity balance  (ref.  4),  the  204 keV y-ray fits

much better with the other mentbers of the band.  Also, a plot of the. effec-

tive'moment of inertia vs. 12 (fig. 8) has a mitch smoother trajectory if
the 204 keV line is chosen.

We have attempted in a crude way to extract parameters for· the

1/2[411]   band   irc)rn   fig.    8.       An   approximate   fit   to   the   1/2 [ 411] band is

given by the following paraineters:    A  =  11.8,  f  =  -. 52,  in the  formula

E(I, K)    =   Ej   f  ALI(I   +    1)   +    6             -a(-1)1   +    1/2    (I   +    1/2)]
-K, 1/2-

It is apparent from the curvature of the lower envelope of the zig-zag

L.plot that there is anomalous behaviy in the rotational band.  This
curvature may result in p-art from Coriolis coupling arising from the cloke

14proximity   of   tha   3/'2 [411] band. Bunker  S.E,  Ali     ·)   have   done   a   detailed

analysis of the effect of the Coriolis interaction between these bands in
165

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

anomalous decoupling parameter value for the 1/21[411] band·in 165£0

(-0.44; theoretical value, -0.88) could not be explained in terms of the

expected Coriolis interaction with 3/2+[411].  In 161Ho a complete band

mixing calculation has not been done and i-s necessary- in order to determine

whether a similar anomaly exists.

9.  Concluding remarks 
H,1.'R·'*Nue.» 4:#IR '(1,1*+92<+24t  N,A

A study of the decay scheme of 161Er has given additional support for
11           the qualitative understanding of low-energy nuclear structure in terms of

;            the unified model. The detailed level struPture of rsiHo is not satis-

factorily reproduced by calculations with the Nilsson scheme or by

! calculations of Solowiev and co-workers.  In particplar, no evidenze yjs



' foutid for the population of three-quasi.particle statps in 161.Ho as pre-

dicted.  Finally, the de-excitation pattern of the · -vibration built on
the 161

Ho ground state shows convincing evidence for departure from the

hyclroct,·-n unic model. Three mechanisms which separately or taken together

could explain the 7-ray branching are discussed although the data presented

. are not sufficient _to prove or disprove any of the mechanisms.
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J                     Te»le l
Ganma-rays assigned to 161.Ho from decay of 161.Er

Ev                          Iya)                Assignmentb)
(keT)

77.0   a  o. 4 169 E 37 HD
-".

87.2 6 0.7 53.6 E 7.9 HC

94.1 1. 0.1 134 a 11 ED

99.5 6 0.6 BA64 * 17
--

109.9 * 0.2 6.7 *  1.4

130.9    * 0.2 88.7 d. 4.9 FD

147.8 * 0.5 32 a 19                    LH
-

150.5 a 0.6 5.5 + 5.2 ID

152.4 & 0.2 18.7 6 2.4                  KI

162.0 E 0.2 4.9 f  1.5                   IC

201.4 a 0.1 162 6  8                    JD

·209.2 a 1.Oc 140 E 30 KE
-

211.1 6 0.1 1820 6 80 CA

219.5 E 0.2 11.5 f 1.8 A'I

236.3 6 0.2 72.4 6 3.2

1               252.6 f 0.2 69.1 & 3.1                  GA

276.0 & 0.2 16.0 * 1.8 A'E

294.0 e 0.1 64.o * 3.2 A'H
1

7-

303.4 i 0.2 48.0 & 3.2 KD
-

309.1 E 0.3 10.7 I 3.1

314.7 O.1. 364·E 15                     KC

350.2 O.3 12.2    a 1.6
8.' H

363.6 0.4 9.o a  1.5



370.7 8 0.3 12.4·.8 1.6 AID

376.4 8 0.2 21:3 * 1.8 OM

421.6    a o.3 56.7 *3.0

446.8 a 0.2 63.7 * 4.5                  64

4 5 4.2    6 0.1& 7.5 81.8

467.8 6.0.2 4 0.7   +2.5
488.6   A o.4 12.9 62.4
499.0 & 0.5

6.1    *  2.4                                                              9 

503.4  E 0.5 5.5 1 2.4 X0

507.5 6 0.2 53.6 + 3.8 MG

511.0 6 0.1 35   f 3d moc2

528.0 a 0.2 60.6 * 3.5 NH
--

549.4 6 0.2 53.0 & 3.6 B'B

554.2 a 0.4 14.0 E 3.2                    ag

592.7 * 0.1 594   25                    A'A

625.7 a 0.4 14.1   4.3

648.9 i 0.2 131 4 9 B'A

662.5 E 0.2 20.7 8 3.4

690.9 a 0.2 52.7 E 4.2

719.1 * 0.3 15:5 E 2.5

727.1 E <).2 142 110 NB

737.2 E 0.2 37.9 *3.4 -

74  .4 i o.5 7.9 6 3.0

747.7 E 0.8 7.8 62.9                    A'

767.1 f o.6 6.3 62.8

784.1 I 0.4 8.7 & 2.8 01

799.4 6 0.3 24.0 E 3.9                    6

804.3 & 0.2 50.1 &7.5 SA'

808.7 6 0.2 56.4 & 7.7 TB'



812.]. i 0.2 73.0 * 7.1 UB'

826.6·1 0.1 10,000 NA
--

831.3 E 0.5 1 4.8  *6.9

839.4   0.3 16.1 2 3.4 VB'

842.1 * 0.4 10.0 a 3.4 WB'

859.2 a 0.7 4.9 2= 2.9

864.8 E O.2 214    4 13 TA' .

868.7 a 0.3 55.4 * 4.2 UA',  R<

870.9 6 0.5 12.6  a 3.4 SK

875.7 2= 0.2 56.7 a 4.6

878.3    * O.1 1 36.5 a 3.6

880.8 E 0.6 4.8 8.3.7 XM

885.1 & 0.7 8.1.* 2.5 OG

895.6 * 0.2 132 6= 8 VA'

898.2 & 0.5 13.2 a 3.1 WA'

904.4   O.9 4.3   2.6

913.3 a 0.9 3.3 * 3.2 CN

923.0 £ 0.7 4.442.2 PE
-

931.7 E 0.2 309 6 19 TK

935.6 a 0.6 .13.1 4 4.0 UK

937.7 6 0.6 11.2 2= 3.9

940.9 & O.3 21.7 62.8                  Eg

948.5 6 0.6 40.5 8 2.7

951.3 E 0.6 4.2 & 2.7                   QI
i

954.7 6 0.6 4.6 8 2.7 bM

.  962.4  a 0.4 23.2 6 3.4J ../
-

i

i 964.5 & 0.9 4.9 & 3.7                  HE

1 970.3 6 0.4 16.8 2,3.0 RJ



973.0 * 0.2 44:6 * 3.7 SJ

980.2 6 0.2
-

56.0 * 4.1 CM

998.7 £ 0.2 26.2 * 2.7                   3

1008.3 + 0.6 6.2 * 2.3

1010.7  a 0.3 15.3 * 2.2 TL

1018.2 i 0.5 5.1 2 2.2 PD

1021.4 1 0.4 12.7 * 2.0 RI

1029.4 i 0.6
5.4    82.1                                                                      PC

1038.1 E O.5 8.4 * 2.1 UJ

1047.6 E 0.3 12.4 * 1.8 XA'

1061.6 * 0.5 9.9 f 2.1

1064.9 6 0.3 17 .6       2.2                                                             X.I

1078.0 a O.2          --       15.2 6 2.0     -               RE
1088.5 E 0.6 6.6 41.8                  uy

1098.3 E 0.2 39.4 6 3.2 24', SH

1102.6 * 0.3 32.1 6 2.5                   QP

1106.6 * 0.6 4.1 f 2.1

1110.4 6 9.6 .  4.7 61.8

1114.8 6 0.6 7-7 f 2.5 -  XK, VI--

1118.0 E 0.2 33.1 f 3.1 WI

1145.3 6 0.2 108 4 7                    UE

1147.6 1 0.5 20.5 63.6- cA'

1159.0 £ 0.2 82.3 * 5.6 TH
-

.1162.8 & 0.5                   3.5 42.4 UH

1171.8 6 0.2 56.8 8 6.0 Val RD i

1174.7 1-0.2 -   197 6 12 H , §9

1183.5 4 0.4 49.1 6 4.0 54' ,   RC

1185.8   2 0.4. - 62.0 E 4.6 SC

1 -



1189.7    i 0.4 11.6.12.3

1193.3   i 0.2 90,8 d= 5.9 WH       -

1199.4 i 0.5 4.2 f 1.8

1202.4 & 0.5 3.5  * 1.8

1209.9 f 0.2
6 1.8    =, 1: .2 YI,

1228.3 1 0.3 1 8.6   *   2.2                                                             ZL

1236.8 i 0.9 2.5 a 1.8 fA'

1239.0 f 0.4
17·64    1.8                                                             Ull

1247.1   4   0.3 44.3 * 3.7

1250.3 f 0.4 64.3 * 4.4 eK, UC--

.1268.3   0.2 36.5  * 2.7 WI)

1276.2   0.4e 20.8 E 3.2                   hA'

1280.1 2= 0.2 89.8 a 5.9 WC

1283.6 6 0.9 3.7 a 1.5 YI

1287.1   + 0.5 5.3  * 1.4 XF

1293.6 i 0.6
3.3  a 1.3 cL

1299.3 i O.6
3.3  £ 1.6 dL

1303.3 i O.4e - 69.2 k 4.6 YF

1313.9 * 0.9 3.9  a  1.5

1318.3 f 0.3 18.0 E 2.3                   aI

1324.8 f 9.6 3.5 6  1.1                       -         XE

1333.3 E 0.9 1.5 i 1.2

1338.2 i 0.3
4 0.7  &  4.0                                                       LF

1
-

1341.2  f 0.6 10.82;  3.6                                      bI,  XH- -

1342.9 i O.6 8.1 f 2.7 hK  ·

1352.4 E 0.6. 3.1   a    1.6                                                                      ej

1358.3 + 0.2 99.1 f 7.1 YH

1361.4 E 0.4 24.6 f 3.4
1,F .



1371.8 f 0.6 3.9 a 1.7                   dI

1374.9   1 0.5 11.8 i 2.3 aE

1377.0 + 0.5 12.1   f 2.1 ZH
--

1383.2 6 0.2 .21.5 * 2.2                   £6

1386.9 * 0.4
8.0   6    1.9                                                                       (F

1392.'7  a   0.2 - 13.0   * 1.5 d-F,     .6-JI

14 04.4 =1: 0.5 2.8  i   0.9                                                      79

1417.8  0.2 102 4. 7 XD

1421.1 a 0.4 9.5    6    2.4

1425.2     f 0.4 9.8   f    1.9

1429.1 i 0.2 5 2.7  E 3.7 dE, XC--

1434.3 f Q. 2 32.7  a 2.9 YD
-.

·1447.0  * 0.4 4.9 2: 1.1 dH

1 4 5 2.8   4 0.2 7.6  f · 1.1 ZD

1456.4 * 0.9 2.4  & 1.5 f/,Tj
1461.8 f 0.4 18.8 1 2.1                   UA

1464.4 a 0.3 40.2 2.8                   Ze

1468.9 a 0.3 15.8 1.5                    aD-

1477. 7 f 0.6 4.9 1.7 eH

1480.4 E 6.4 10.1   f   2.0                                                              aC

1488.3 * 0.2 28.4 0 2.2 VA

1492.1 & 0.2 2 7·4   E 2.1- bD

1495.2   0.9 -1.9 * 1.2                    hI

1517.7  4   0.3 - 8.0 ' 1.2

-1523.8 & 0.9 4.8 £ 2.5                   do

1

- 1
1525.2  f 0.9 11.7 8  6.0

1527.6 2 0.9 2.3   E    1.5

1531.2 E 0.3 2.2  4 1.1 gE, fH
- -



15Yl .3  1 0.3 2.3.* 0.9                   dc

1549.7 f 0.9 1.2 * 1.0                   g

1553.6 f 0.2 25.3 6 1.9 eD

1561:.8   a O.3 2.3   *   0.7                                                           · 9.C

1596.4 f O.4 2.2   4   0.8

1613.8 * 0.3 2.8 & 0.7

1625.4 i 0.4 2.0   8   0.7                                                             gD

1640.3  1 0.3 3.3 a O.8 XA

1656.6 6 0.2 88.6 1 5.6 YA

1691.7 * 0.9 1.2   a 1.2 aA
--

1714.8    a 0.5 4.8 * 1.3 bA :

1740.0    2 0.2 64.1    a      5.7                                                                                                   c A

1819.2   i O.9 1.0 * 0.6

1830·1 £ 0.5 8.6 2= 0.9 fA

1868.2 5 0.7 2.5 i 0.4                   214

a)   Normalised to 10,000 at 827 keV            •

b)   Letters designate energy levels involved in the transition as identified in

fig. 4

c)   Seen only in coincidence

d)   Contains contributions from 162mHo and 16oEr decay                            -
.

e) Wide peak, probably a multiplet

'



1                   TRole -
Gave:ta<rays in coincidence from the decay of 101Er

-. '-        4
E                       Gamma;!rays. in coincidence
Y.

(keV) with E -)
9

Y

77.0                       294.0

94.1 209. 2,  931. 7,  1145· 3, 1174.7

99.5 727.1

130.9 1303.3, 1338.2

201.4 970.3, 973.0, (1064.9)

209.2 94.1, 931.7

252.6 507.5, (980.2)

314.7 (870.9), 931.7

592.7 (804.3), 864.8, 895.6

826.6 none

864.8 592.7

931.7 209.2, (J03.4), 314.7

1174.7 94.1

1209.9 446.8

111-

a) Questionable coin
cidences-are in pare

nthese

1

---. -
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Tab 1.e   3

K conversion coefficients and multipolarities in 161HO

E                            a)0                                           Multipolarity·

Y                                                                                                                                                                               K

(keV)

130.9 3.5 E 1.8 (-1) (El/E2)

201.4 3.5 8 1.5 (-2) El

211.1 4.6 10.3 (-1)                      E3

314.7 1.1 6 0.2 (-2) El

421.6 6.3 & 2.7 (-3) El

446.8 7.0 2 2.8 (-3) El

1

507.5 1.9 * 0.6 (-2) Ml/E2
.-.-

- 592.7 8.8 a 1.1 (-3)                      E2

1 648.9 8.3 a 1.8 (-3) E2

812.1 4.7 2: 1.5 (-3) E2

826.6                  8.5 E 0.6 (-3) Ml

864.8
4.0  a   1.1   (-3)          -                                                     E2

931.7      -           -6.8 4 1.6 (-3) . Ml

1338.2- 1.2 & 0.5 (-3) (El/E2)

1358.3 6.9 6 2.5 (-4) El

1417.8 1.8 6 0.6 (-3) Ml/E2

1656.6. 1.1 & 0.4 (-3)                      E2

1

-

!

a)  Computed from the y-ray intensities of this work and the     i-

1                    -conversich electron data of ref. 3); see text for further
I details.

I                b)- The entry 3.5 I 1.8 (-1) is to be read (3.5 6 1.8) x 10-1.



Table 4

Log ft values and level. assignments in 161Ho

Energy Code 7  011 p .log ft
KIB[ II   nz   A ]8 -

-                               ---

(ke;il

0          A 7/2,   7/2-  [523]
99.5 a 0.2     B

7/2, 9/2- [523]

2 1 1.  1   i    0.1                  9                                                                                                                                                  f 1/2,     1/2    [4 1 1 12  2.0 6 4.0 >6.4
222.4 2, 0.2     D J                                      l 1/2, 3/2  [411]

252.6 60.2     G
7/2,     7/2       [404]

298.6 4 0.2
R   -7   4.8   a

2.4 6.7 a 0.3 3/2, 3/2  [411]

316.4 i 0.3     E  /                                        1/2, 5/2  [411]

353.2 * 0,2     f                                            1/2, 7/2  [411]
373.3 *-0.2     I         -- 3/2, 5/2  [411]
423.8 ' 0.3     J    0.5 6 0.2 7.7    ; 0.2 1/2, (1/2, 5/2)- [5411

446.8 a 0.2     L                                          5/2, 5/2  [4021

525·.8 i 0.2     K     0.8 2= 0.4 7.4   * 0.2. 1/2,    3/2-   [ 541]

592.7 f 0.1        21        1.1 & 0.5 7.3.4 0.2 3/2, 3/2- [7/2[5231, 2T}

648.9  E   0.2'    * AX 0.2    2    0.1 - 7.9     f 0.3 3/2, 5/2- [7/2[523], 2 }

760.1  i   0.3        - M 5/2, 5/2+ [4131
826.6 & 0.1 M            6 8.2   E 0.2 5.3   * O.1 5/2, 5/2- [532]

1137.0 a 0.2 . .0 0.1 E 0.1 7.9 & 0.2

1239.8 E 0.2     p     0.2   0.1 7.5   E   0.1

1325.1 26 0.2     Q     0.6 =t 0.2 6.9 6 0.1

1394.-4   E   0.2                R                0.8   E 0.5 6.7 f 0.2
1396.9 i 0.1. .s 2.0   + 0.8 6.3 E  0.2

1 4 5 7.5   E   0.1                T                4.5   6· 0.3 5.8 f 0.1



'1461.4   3:   0.1                U       .       2.1 40.4 6.2    *   0.2

115 88.3 40.1 Y. 0       1.7 1 0.2 6.2   *   0.2

14 9 1.1    a    0.2                     W                     2.5    a 0.7 6.1   *   0.2

1640.3 1 0.1    X     1.1 * 0.2 6.2  * 0.2
1656.7  1  0.1          Y          2.4  f 0.2 5.·8   a  0.1

1675.3 + 0.2 z..       O.5 * 0.1 6.4        a      0.1

1691.3 60.1     a O.Bio.2 6.2  *  0.2

1714.6   &   0.2                b                O.4   * 0.1 6.4 a 0.2

1740.2  i  0.1          c          1. O  =1:  0.1
-

6.0   i   0.1

1745.6 * 0.2     d     0.3 a 0.2
6.5     *     0.2

1776.0  a  0.2           e           0.6  + 0.4 6.1 f  0.2
1830.0 * 0.3     f     0.2 * 0.1 6.4  f  0.2

184 7.7   i   0.3                g                O.03E 0.02 7.1  i  0.2
1868.6-* 0.3     h     0.2 & 0.1 6.2 a 0.1

i

-



Table 5

16]Complex aid.three-quasiparticle states in HO

Energy Theoretical  structure  .

(keV)

7/2-                  0               5231 99 %

312+ 160 4111 95 %

1/2  220 411196   %

5/2  590 4131 98 +10

7/29              - 670 4041 94 %; (4021 + 2+) 4 %

7/2+ 850 (4llt + 2 ) 95 %; 413t 3 %

5/2- 900 532 t 91 %

312- -
10QO (523t + 2 ) 65 %; 521t 12 %

1/2  1000 (4llt + 2 ) 95 %; 4111 3 %

11/2- 1050 (5231 + 2 ) 99 %; 5051 0.1 %-

-9lf 1100 5141 99 %

512+ 1150
- (4111. + 2 ) 97 %; 4022 2 3

1/2+
1500

[3/2-[ 5211n' 5/2 [6421n' 7/2-[ 523]P}·.512+ ,

512-
1 -

1650
{3/2-[ 5211n' 5/ -[ 5231n' 7/2-[ 523]P}1/2- ,

1/2+
- 1900          -     [3/2-[5211 n,3/2-[5211n, 1/2 [411]p}

312-
1     -    - 1900

[3/2-[ 5211n' 5/2+[642]6,1/25411] 11/2-

-  a)  Refs..20,21,22,23)

1

-



Table 6

Mi.croscopic  structure  of the  3/2-[7/2-[ 523],24-} statea)

Proton Orbitals                   -   (amplitude)2 %

1/2+[417.1, 3/2+[411] 29.4

1/2+[411], 5/2 [413] 9..4

5/2+[402], 9/2+[404] 2.3

1/2-[530], 5/2-[532] 1.1

3/2+[4111, 7/2+[413] 0.3

a) Ref. ), only the major components of the three- - -
27,

quasiproten admixtures are listed                            -

-

- - -LI



101-,Fig. 1. Gamr:a-ray spectra from the decay of tsr.  The data in fig. 1

were measured with the 33 cMS detector.  The hislier-energy

Spectra were obtained with  a  1.4  g/crt:2 lead absorber located

between the source and detector.  The data in figs. la-b, lc-d

and in fig.  le   are from separate experiments. Peaks are

labelled by energy rounded to the nearest keV. Impurity peaks

from decay of 16]Ho,  162"'Ho and looEr ar.e designated 5, 2 and1 .1 1. i:
- - d /1  1 t(61'

6 respectively.'

1- C.

5 Fig. 2.  Coincidence spectra from 161Er decay.. The upper portion of

· fig. 2 is-the y-ray spectrum in coincidence with the 932 keV
i

photopeak. The lower portion is the spectrum in coincidence

with a gate of equal width set on the Compton background at

slightly highar energy.

Fig. 3. Theoretical (ref. 13)) and experimental values of the K-conversion

coefficients of some transitions in 161Ho.  The conversion elec-

tron data of ref. 3) have been ccmbined with our gamma-ray data

- .to obtain the experimental pointh.

Fig. 4.  Level scheme of 161 161-,Ho as seen -in the decay of z.r. Energies

are in keV and relative y-ray intensities are-shown in paren--

theses.  Transitions whose assignments are confirmed by

coincidence data are marked with a filled circle. An open

circle is used to indicate that the ecincidence is questionable.

To the left of each level is shown the In assignment, if any,

-   -and  to the right  the  log It value for electron capture decay.
· Letter designations are explained in the te xt..

i



) 1

Fig.  5.   Asymptctic  quantum n.zun'ocr  assignments  in  161.Ho.

Fig. 6.  Experimentally ob served Nilsson single-quasiparticle states in

the  odd-1 holmium isotopes.

Fig. 7.  Theoretical predictions for single-proton levels in 161HO.

The energy level scheme was calculated uslng the Nilsscn code

18
(ref.  )) and corrected for pairing using the parameters of

.. 19rei.   ) . The experimental level scheme is included for conpa.riscn

Fig. 8.  Plot of effective inverse moments 6f inertia associated 3/ith

individual cascade transitions in the 1/24[411] band in 161.Ho.
4

The data of ref. ) were used to construct the band above spin

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