Lawrence Berkeley National Laboratory
Recent Work

Title
BACKBENDING AND ROTATION ALIGNMENT

Permalink
https://escholarship.org/uc/item/2ds9{7 my

Authors

Stephens, F.S.
Kleinheinz, P.
Sheline, R.K.

Publication Date
1973-11-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2ds9j7mv
https://escholarship.org/uc/item/2ds9j7mv#author
https://escholarship.org
http://www.cdlib.org/

WRENCE
Submitted to W“%SN LAlOR“o“ LBI.-191 1"
Nuclear Physics " Preprint Q\
'- JAN25 13
|BRARY AND
DOCUMENTS SECTION

BACKBENDING AND ROTATION ALIGNMENT

F. S. Stephens, P. Kleinheinz,
R. K. Sheline, and R. S, Simon

November 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Y

1161-T1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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 its 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, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



—iii- ‘ S LBL-1911

%
BACKBENDING AND ROTATION ALIGNMENT -
. . .t L. T .
F. S. Stephens, P. Kleinheinz , R. K. Sheline , and R. S.. Simon
Lawrence Berkeley Laboratory

University of California ,
Berkeley, California 94720 : !

November 1973

Abstraét
' We.have examinéd the Z and N dependence of backbending in the rare-earth
region as given by a model based on the rotation alignment of two i13/2 neutrons.
| The important parémeters in this model are the rotational moment of inertia, the
‘vpositioﬁ of the fermi surface, and the deformation (both quadrupole and hexadecapole) .
To fix fhese (androther) parameters most reliably, we propose a comparison

with the observed rotation alignment of a single i neutron in the adjacent

13/2
odd-A nuclei. This comparison is made‘qualitatively throughout the rare-earth
region, and_then quantitatively for the two pairs, l6lEr, l62Er and l7le, l72Hf.

Based oh=these comparisons it seems plausible that all the backbending so far

- observed in the rare-earth region could be due to such rotation alignment.

'*Work performed under the auspices of the U. S. Atomic Energy Commission.
+Ptesentvaddre§s: Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87544,
supported by USAEC Contract AT-(40-1) 2434 Florida State University.

TTPreéent address: Florida State University, Tallahassee, Florida 32306.

B S Ly e .
Present address: Universitat Munchen, Munchen, Germany.
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l. Introduction

It is now clear that g ‘rather sudden structural change occurs in the
. ground-state rotational band of a considerable number of rare-earth even nuclei

. 2 ' :
at high angular momental’ ). Early evidence for such a change came from the

~ population patterns of such bands following (HI,xn) reactions3), but the conclusive

.-step was'the observation of irregularities in the rotational—energy spacings4)-
These irreguldrities'are such that two or three rotational transitions in the

region of T Vv 12-20 beccme_lower in energy'with increasing I, whereas transitions

‘above and below this I-region have:the normal (rotational) nonotonic increase
in energy w1th I. If the-moment—of-inertia, g, is plotted against the square

‘of the rotational frequency, wz, such a behav1or produces a “backbending" curve

/
-

‘(larger'S'but‘smaller vaiues for w ). There has recently been considerable

"‘interest-in determining the nature of the structural change responsible for this

behavior.
. Rotation of the nucleus introduces Coriolis‘and centrifugal forces into

the nuclear-fixed system. Since the rare-earth nuclei we are considering are

: clearly rotational nuclei, some consequence of these new forces must be responsible

s

for the observed changes, and suggestions have been made involving each force.

Thieburgers) and others6'

) have shown that ‘the backbending could be a centrifugal
stretching effect. However, such an explanation does not explain the feeding

data, nor is the required potential energy. versus deformation curve given a priori

" by microscopic nuclear-structure calculations. On the other hand, explanations

j'involving the Coriolis force can explain the feeding data together wiﬁhbthe

backbending effects, and can be directly related to the a Eriori microscopic

- structure. Thus, at’ the present time, it seems more probable that the observed

T.il_changeslare Coriclis effects.
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The¥e.have been two fypes of proposals for the detailéd wa§ iﬁjwhich'
“the Coriolis force might affect fhe nuclear structure in order to produce the
observed effects.‘«fhe>older‘one, which predated the experimenfai'pbsérvations
is that the pai;iﬁg’correiatipns miéht:bg quenched, resulting in normal, rather
' ﬁhan superfluid, nuclei above the criticalbspin value. ' This "phase transition"

o . P
was proposed by Mottelson and Valatins) in analogy with the Meissner effeCt‘for

“
superconductors in a magnetic field. The other tyoe of explanationg) suggests

fhat certain individugl nucléonévmay‘respond to the Coriolis force prio; toithe
phase fransifioﬂ. It‘iS»clear that the éofiolis forcé-tends to>a1ign the angular
ﬁbmeﬁtum éﬁ a particle with that of the rotér, the teﬁdghcybbéing stronger the
larger the value ofvj for the particle. 1In the even rare-earth nucléi, 12 units of
angular momentum'éan be obtained in this way by "rotation alignment" of a single’

pair of i neutrons. It seems plausible that a band involving.ohe such pair

13/2 '
~ could drop below the normal (qomple?ély—paired) ground band at these spin>valuesé .
and thus cauée the backbend. The question then becomes which of these processes is
responsible for the observed changes, 6r is iﬁ a mixture of thé two, or perhaps neither.
Two typeé of calculations can give information on this question. The
firstftype would be sufficientiy general to include bothvpossibilitiesj so that y
a Ealculation of the competitién bet&een_fhe processes would be possible.  Until
recently, the calculationg with sufficiently general rotétional Haﬁiltonians, |
had‘unrealiétically simple particle spaces, but qonsiderablé progress is now

1 - ey e .
10,1 ). The other possibility is to pursue the

being made in this direction
consequences of the separate models to see how well in accord with the observations

‘these are. The present paper is an attempt to do this for the rotation-

alignment model.
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vspecifically, we have examined the Z and N dependence of backbending
;n the rare-earth region\as expécted from'this model. Our progress has come
‘in two\sﬁeps. The first was the ébservation that the hexadecapole deformation,
64, is an important pgrameteg for these calculations, and the second wa; the

realization that the adjacent odd nuclei provide independent measures of the

.téndency-fo; the il3/2 particles to align their angulai momentum with the core

. rotation in a given region. Thus, the parameters entering an even-mass calculation

\

can be extracted from experimental data in the odd nuclei. These considerations

~ have given[additional insight into the rotation-alignment picture, and show it to

be in reasonable accord with thevexperiméntalkdata.
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2. Qualitative Description

The underlying model for the effects we want to”estiméte here will be
‘that of Stephens and Simong} (SS). A shért quantitative descriptidn,of this
model is given in section 3; here we want to consider oﬁly the general features.
The basic proposal is that certain 2-quasiparticle stateé in.eVen—even nuc¢lei
. gain enough Coriolis energy by aiiéning their angular'momenta
with the rotafién axis so that at high.spin values they become the lowest states.
The'maximﬁm‘Coriolis_eneréy that can be gained for eagh particle is approximately:
B~ 219 (h?/2%) - | " | (1

.max

where i is thé éotal’angulér momentum, j is the particle ahgulaf momentum, and ﬁ2/2 &
is.ﬁhe rptatioﬁél.@onstant. Clearly the high-j particleg can.gain the most energy;

so that, in the»rare;earth region, the i13/2 neutrons are mosf favorable.. The math-
ematical mechanism for the découplihé is just a mixing of states b& the Coriolis inter-
-action, rééultingieventually in a lowest mixed state which is th; one aligned with the
rotatioﬁ axis.  Thus, effects which tena tovincrease the Coridlfs mixing. will enhance
the rotational align&ent and vice versa. One other feature_is important. The
rotatidn;aligﬁed state ﬁas its angular momentum nearly'perpendicular t;_the symmet;y
- axis. Thus, the projection of the éarticle angular ﬁomehtum on the symmetry axis
must be Small,-i.ei'mainly low Q values ;re involQed.

The single-particle energies going into the SS calculation are faken to

be the e}genfunctions of a Nilsson-type calculationlz). withiﬁ the above frame-
Qork we can estimate how varioﬁs parameters will effect théyrotation alignment.

For instance, it is clear that a fermi-surface (X) near the low-{! orbitals |
of the.il3/2 j-ghell is favorable, since, in that case, these essential

states lie low in the guasiparticle spectrum. This feature was pointed out in
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was not considered by SS, but cén be estimated from fig. 1,

SS. The effect of 64

o

5 j-shell as a function of,€4.

values will produce

13/

" ' The strong bunching of the low §I orbitals for positive €

which shows the Nilsson eigenvalues for the i

4

*

mucﬁ more closély spaced 2-quasipa£tic1e sta;es;.enhancing the mixing and thus

F thé alignmgnt...Negétive 84 values will have the opposite effect. Sir\lce,_e4 is

'neéativé in the beginning of the rare’earths, and positive near the end, the

_‘tfend.will disfavor alignment in-the beginning, ahdvfavor it at the end. This

‘ runs'éounfer'to the A trend and appears tb make a qualitative prediction difficult.
At:this'point it is usgfﬁl to ;emembefléhat most of the»paraﬁeters

-'entefing into the,zéquasiparticle Ealculation for even npclei alsblenter in much

the same way»intq the‘l—qgasiparticlé calculation of the léwest il3)2 band in

3.§n o&d nucleus. Such bands are observed throughout the rare earth region and it

‘eAgeem5vc1éar that backbending in the éveh nucléi sﬁould be félatea to the

rcharactenistics'éf&these’bands in the adjacent odd nuclei if the rotation-

-alignment ﬁédel is correct. We will attempt to make this comparison, first
nent | ( _ . .

lQualitatively, ahd then in the next section quantitatively.

va‘we 1903 a# tﬁe lowest 413/2 band in an_odd-neut;én rare—earth nucléﬁs
oné/chara¢£eristic featﬁre of the energies is the presence of a term whose sign
altérnates as I increases: thig term has been.calledl3)'the "signature" tefm.
.This altefnatién of énergies is the beginning of the rotation alignﬁent process,
and can be traced back to the Coriolis-induced amplitude of the 2 =.1/2 orbital
in thé.QaV¢'function, and fufther, to its decoupling temm. Thus;-this signature
‘v » :fvv . tem is related to the extent of alignment, though it is not a direct

measure of it. Therefore, it seems to be of interest to compare the size of

this term with the degree of backbending in the adjacent even nuclei. In fig. 2
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we #ave'plottedléll the information on rotational leﬁels Qf even nuclei in the’

' rare-earth region from N = 90 through 2 ~ 76. ‘A figure similar in this respect

has been given by Sorensenz). We\have'plotted in fig. 3 the rotat@onal levels ,
ofvthe lowest il3/2 band ip the\odd-mass nuclei. The effects of the alternating | >-
energy term ‘are épparen.t. The rotation-alignment model would imply some
correlatidn between the size_qf the alternating energy term and backbending.
Ccmparison of figs. 2 and 3 suggests that this may well be the case, but a\moré
-quantitativé comparison ;ould be useful. . /

One'ofbthe effects that Coriolis mixing has on the levels of the lowest
mixed band is a qcmpression of the baﬁd; that is, én'increase in the apparent
moment of inértiaff This is very well documénted for tﬁe lowest il3/2 bands in
the fare-earth region, 161Dy being an excellent éxamplelQ) with (hz/éﬁy)obs ~ 7 keV.
This compréésion is a result of the fact that all the levels of the band are
lqwered, but the higher spin levels are lowered more. This lowering of the -
levels in the lowest band is exactly what SS_suggest caﬁseé the 2-quasiparticle
Jband in even nuclei to drop below the ground-state band around I Vv 16. It seems
clear that the lowering in the l-quasiparticle system Qf levels wiil be closely
.related to thatjin'the éfquasiparticle systém, and the band.ccmpression is an
indirect ﬁeasure of the former of these. . Thus a cofrelafion befween backbgnding
and the l—quaSiparticle band compression is strpngly suggested.

It is not difficult to arrive at a quantiﬁative expression for the

compréssién of the lowest i band in the odd-neutron nuclei. If the band

, 13/2
is decoupled (rotationyaligned), then theVI = 17/2 to 13/2 separation should

be just the average I = 2 to O separatign,in the two adjacent even nuclei.

-

Thus, the xatio, 6 E{17/2 + 13/2)/ 32 E(2 > 0), should be . _
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‘6/32:= O.leé.if the band is decoupled. This ratio should be 1.00 if the band

is not mixea>a£vall. This “coﬁpression factor" for tﬁe Qda nuciei has been
included in-figs. 2 aﬁd 3, and we have drawn a rough contour line for a compression
faC£or of 0.45. It is appa#ent tha; these numbers correlate rather closely with

the size of the alternatiné'energy term. Furthermore, the contour line approx-

~

. imately divides the backbending even nuclei from those that/do not seem to back-

“bend, though more data are badly needed in the lower right portions of figs. 2

and 3. We find the qorrelation'between compfession factor and backbending, as

 ‘indicated‘in fig. 2, quite encouraging, and will now try to understand the trends

qualitatively.. In the next section these ideas: will be tested by direct

calculation.

The major trends of the alternating energy term and the compression

;ffactbr (and perhaps backbending) shown in fig. 3 can probably be explained by
" consideration of three variables, A, 84; and h2/2?r(or 62). sample calculations

blshpwing how these variables affect the lowest il3/2 band in an odd-mass nucleus

are .shown in fig. 4. The circled numbers indicate the 62, 84, and A values for

~.each calcuiation on the two.partial Nilsson diagrams at the top of fig. 4, and

the frames on the lower part of the figure show the resulting calculated bands.
’The'variation of,e2 (0.20, 0.25, and 0.30) is shown in the sequence 2-1-3. This

is due mostly to the effect of hz/zﬂl which is assumed to vary inversely with

€, but an additional contribution in the same direction comes about because the

separatioh of the {I states increases approximately lihearly with € Similariy,

2°

- the sequences. 4-1-5 and 6-1-7 show the variation of A and €,. The apparent effect

4

.. .of 84 is . a little'misleading since the position of A relative to the Q = 7/2 and

4 Sequence. This causes the effect of €,

’to'apbear much weaker than it would if A remained fixed relative to a given Q-level.
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"~ The effectféfveach variable is clear in fig. 4: higher A réduces the alter-

" nating energy term and the compression; more positive 84 increases them; and

s

larger values of h2/21f(smaller 82) also increase them. Furthermore, the N and.
2 dependenae of each variable is also reasonably well known: X increases with

'N; €4 genefally’inéreases with both N and Z; and, within the  limited region

plotted in fig.. 2, ﬁ2/23fgenerally decreases with N and- increases with Z} “Thus '

at low N-and Z, A and h2/23’strongly'favdr decoupling (compression) and the com-
pression factor is at the limit. 0.188, on the lower left edge of fig. 3. As N
increases both these variables disfavor decoupling and.it is observed to weaken.

This trend ié opposed by 84, but.€4 is not a strong function of N‘alone, and the

- . compression factors in fig. 3 show without exception a decrease with increasing

N. However, as Z increases, both hz/ZVkand e, favor decoupling and the data

_bear this out. For constant N, thi§ trend also occurs without exception in fig. 3.

. oo .
Backbending resumes in the even Os nuclei which is consistent with the above

trends in the odd nuclei, and with the contour line at 0.45 in fig; 2. However,

E “‘fqhe should be cautious in this region. A mixed band of levels from the h9/2

‘proton orbital has been seen near the ground state in the odd Re nuclei, with a

" compression factor of 0.38 (the decoupled. limit for j = 9/2 is '0.25). This

-orbital rather than‘il3/2 could easily be reSpoﬁsible for the backbending.in the

Os nuclei.
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3. Calculations l ' f

The above discussion suggests that calculations of the tyme made by

SS for the even nuclei should first be tested against the adjacent odd nuclei,

'>'and adjustments of the parameters be made, if necessary, in order to fit these

odd nuclei. There are many l-quasiparticle bands known in the rare-earth region

based on the‘il3/2 shell, but as far as we know there have been no attembts to

make systematic Coriolis calculations for these bands throughout the region.

Thus nothing like a general set of acceptable paraméters is known, and the

-presént work is not sufficiently ambitious to undertake this problem. Instead

we sta‘rt wiﬁh an a priori estimate for the parameters, and én order for Varying
them until a satisfactory fit of each l-quasiparticle band is achieved. Then
this-idenﬁical set is used‘for:the Z;quasiparéicle states in the adjacent even
nuclei. In fact, without a good search program to fix the parameters, this
groéedure is iatﬁer_slow and thus far only two sets of nuclei ﬁave been done:
161'162Er in axbackbending fegion; and 171'172Hf in a non-backbending region.
Iﬁlthe resﬁ of #his section we wiil discuss the Hamiltonian used, the parameters
involved, and the results of these calculations.

| The calculations are b;séd on the pérticle—plus—rotor model, and the

Hamiltonian used is:

H-H + H ""H'-I'--f—li ‘1'{2 » - (l)
T p 7 rot  p 29 : -

,where Hp is the Hamiltonian of the particles in the absence of rotation,

Due to the assumption of axial symmetry, R, = 0.
; . > > o>
Using the relation, R = I - J, we get:
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2° 2

h 2 h >2 2 -
H = Hp + H + 5 [I(I +1) - K] + 5% 1) j K1 , ’ (2)
where Hé'is the Coriolis operator given by:
H = - 3% [I+JT_ +1431€f0vy , (3)

c 2y

and*f(U}V)'is a pairing correction factor. The last term in eq. (2)'is the so-

called "recoil term", which we include in both the 1- and 2-quasiparticle
'vcalculations. The vector g‘is the total particle angular momentum: ; for the

7.>;ne—pafticle problem;Aand ?(1) + ;kZ) for the ;wo-particle problem, In all

s .
cases we use Nilsson wave functions to evaluate Hc and J., For Hp we use:

" (K) J(E(m -0 A, | (4)

’ where E(Q) 1s the Nllsson solution for the state, Q and 2A is the parlng

gap for the nupleus under con51deratlon. The sum contains one

’(twé) termks)'for the 1; (2-) quesiparticle states. The index, K;Vis ﬁust Q

for the one-particle ceee and (1) + Q(2) fd:vthe two-particle caee. The pairing

/,

.factor, £(U,V) is given by.

o 1 gp-lgp
| (0,0 + V) 32 qp-29p |
£(0,V) = | - (5).
(UlV2 - V1U2) Ogqp - 2qpl_,
where:
=i [ EQ) - A

(6)
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L o dde1-v . S (7)

‘Thése eqﬁations are,straightfdrward, and involve five'parameterSw, Two parameters

1 ehtér the:NilsSon calculation, Ez'and 84;'two come from the pairing equations,

N

E X and 4, aﬁd hz/Z?f is the rotational constant.
; - s For‘the a priori estimates of these parameters we have used values

we wanted a value that could be easily

| _ o

" . obtained in the following way. For €,
. e _ wa

|

'estimated-fof any rare-earth nucleus. We eventually decided it was most
expedient to tie this quantity to the energies of the 2+ states in the even

nuclei according to the formula:

(8)

~where E is in MeV. This form of the relationship has been shown by Grodzins;s)

2+

Do . : _fo_éivézgood agfeement'with deformations derived from B(E2; O - 2) values.
For €, we took calculated values from fig.(l2a given in ref. 16). These

"7l,parémetErs defined the input for the Nilsson calculation. From the output of

h -

that calculation we defined X as the energy of the last filled level (of either

parity); thus it was the same for the odd and even nucleus in each'pair.l The

. parameter, A, was taken from the An plot in fig. 2-5 of ref. 13).

oWE - i

Fixiﬁgfthe rotatiogai constants wéé more complicated. We first'defined this
Aqééﬁtity»féF the even nuclei‘aé (h2/23)o#E(2 —> 0)/6. For an oda nucleus tﬁe value

".-,cduld be fakén to be the average'ofvthe adjacent even‘nuclei.vHowever, it is well knoﬁn
rthét thisg quantity is};mallgr'in odd~aﬁd odd-o0dd nuclei due to-b;écking (and perhaps

-

) other) effects. Furthermore, from previous Coriolis fits in the l-quasiparticle
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. systems we knew that (hz/ZET)l had to be 10-15% smaller than_(h2/2€r)b. We
settled somewhat arbitrarily on 13%; so that (h2/2QTii = (h2/227)0/1.13. Fixing
a value for the 2—quasiparticlé states, (h2/2€r)2, was even ﬁore'arbitrary. It is

" known that the odd-oddvnuclei have smaller values of hz/Zirthan the nearby,odg
nuclei (further blocking, etc., effects)‘ Furthermo;e; the,caléﬁlétion of Ss
(and addition#l:ones made;tp check this point) téking into accouﬂt'sbme'4-.

J ?quasipar?icie1sta§es‘shbwed that; below spin 30 or so, inclusion of these states

eéuld be ;gughly'simulated by lowering and cohpressing the high-spiﬁ 2-quasiparticle

st;tes} ‘that is, by us;ng a lower effective-vélue for-(h2/2?f)2. We decidedvphat

. approximaéely doubling the size of'tﬁe reduction used in‘the.odd nuclei &as the

best estimate we could make : so that (hz/zil')2 = (h2/2£T)0/1.25. |

The energies of the groundrstate‘band in tﬁé even nuclei were still more

difficult.  The calculations of SS showed that the i Coriolis effects do not =

13/2

cause all'df the observed energy deviations in the gropnd’band at the low-spin
_valges. \It is not reasonable fhat.they shéuld do so. ?hus, instead of using the
I(I + 1) reIatioﬁship as input for this band we used the Harris/VMI expréssionsl7'18)l
This is importaht, since otherwise the energy of the ground band in thg intersection
region woﬁld be considergbly in error. For the pa;ameterSEID and C in these‘expres—

sions we began with the (cbserved) values given in ref. 18). However, the Coriolis

effects (among the levels of the i orbital) that we explicitly take into account

13/2
Qo contribute to these parameters. A few tries on 162Er showed that our EEEEE.HB
had to be reduced 10%, and C had to be about twice its observed value in order to
get out of the calculation the observed values. This procedure insures that the

- ground-band levels will be at about the right place in the .intersection region.

For consistency we tried using the Harris/VMI expressions for the quasi-

particle states also, but the fits we could get were not improved, the 27;
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~where n is.adjusted to fit the odd nucleus. In the off-diagonal matrii elements

40.05 to +0.02 for
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.and.C values of the even nuclei could not be ‘used (the odd nuclei require larger

C values), and it was not entirely clear to us how to treat K¥0 in these expressioné.
Thus we used the I(I + 1) rotational energies in the quasiparticle states. If

the calculations were extended nearer to the edge of the deformed region, this

‘proqedufe.would probably not be satisfactory.

- It seems pOSsible to characterize the bands in the odd nuclei roughly

. o . . 2 ' '
by two features; a compression from the input(h /2€Y)i value and a magnitude for
" - the energy oscillations. It is well known that both these quantities are too
1largefif one does the Coriolis calculations with the a priori parameters

. described. The Coriolis matrix elements must be reduced, and to do this we

chose the form used by SS, which is decreasing £(U,V). We use:

P n

lgp-lgp - =

2gp-2gqp '

of J2, however, the value Qf n was kept at one. Our procedure, therefore, was

to'fit the compression of the l-quasiparticle band with n, and then fit the

energy‘oscillétion by varying €4. (We could also have varied A within small
limits to fit these oscillations, but we chose to vary\€4.) To obtain the

fits shown in fig. 5 for l6lEr and 171Hf, only these two quantities'had to be

‘ c s s : , ... lel_ .
varied from the a priori input values. The value of n required was 3 in 6 Er
| 171 . e 161 y .
and 4 in ~ "Hf, whereas €, was changed fram ~0.0l1 to 0.00 for Er and from

4

71 » ‘ . : N
1 le. The input values "are given in Table 1. Our impression

r*"is that this is not a unique set -of input parameters. It would be interesting

© to test other sets that fit the odd_nuclei, but we have not at present determined

.any such sets.



-14- D . LBL-1911

The results for the even nuclei are also shown in- fig. 5. They seem .
| 16 - 2 ted backbending ic
to us to be very encouraging. In zEr,»the calculated backbending is not

quite strong enough. This is sensitive to the 0-2 quasiparticle matrix

elements, the only input quantities for which we have no real previous

'experiencé. Aiso; after the béckbend, the calculated_z‘is’/'h2 is high, This

;is'senSitive to the input value of (h2/23’)2, which‘Qe'certainly do not know

‘within the difference between experiment and calculation in fig. 5 (v 7%). For

172Hf, the:caléﬁlation is above experiment at low spin values because the.

' =Corioiis'effe¢ts we explicitly take into account are somewhat stronger at low

SPin'Valuesvthgn for‘1§2Er (due to pairing effects), but we did not alter théj

- 10% redﬁction;bf ifo going into the calculation. In both cases the calculated

value of (ﬁw)2 at which the bands intersect appears to be a little low, but

there are many uncertainties in the calculations that could produce effects of

this size.

It seems to us that in these calculations we have, for the first time,

" enough knowledge of the Hamiltonian and the input parameters to hope for some

" kind of detailed agreement with the experiments. That this agreement seems

to exist (fig. 5) suggests both that the input parameters are behaving as we

~ have proposed and that the basic ideas may be cérrect. Although we have pointed

‘it should be noted that

out the general trends in the input parameters, and their effebt‘oﬁ backbending,

for each individual case these parametérs are determined

from the pafticular nucleus and its adjacent odd-mass neighbors. This leaves

' room .for individual irregularities, and to see if any observed irregularity

‘: constitutes a significant deviation from the model or not requires a careful

- consideration of the indicated values for the input-parameters, n, 82, 64, A, 4,

%72 %f').;',z;_, J¢ _and‘_'c.'

J ‘ : .
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19’29) of 168Yb and 17OYB. Recently l7OYb

16

As an example, consider the cases
has been observed to bend. up more sharﬁly than 8¥b (see fig.- 2), and this

‘has been cited as evidence against the present model.‘ Based on thé‘general

trends predicted, or even the contqur'line in fig. 2, ;his seems plausible.

169 171

-

However, the cémpression factors for Yb and Yb (fig. 3) are rather similar,
s o L . . N . l68 170 .
indicating that the 2-quasiparticle states in Yb and Yb are probably not

much different. On the other hand,vthe 14+ member of the ground band lies

. "V 100 keV higher in 170 Yb than in 168Yb, and the 14 =+ 12 transition energy is .
considerably larger in 17on (597~X§’ 553 keV). These features of the ground

Band.in 17_0Yb are clearLy ref}ected in the-values of'C given . in ref. 18), and

- are inrthe.direétion of producing.a more violent intersection with the 2-
.éuasipafgielevband'and thus a stronger tgndendy to backbend. Such behavior,
then} cannot be taken as a strong arguméht against the model (at,least'notvv
prior to detqiiéd calculations). It would bé useful in fhis reéard to’extend‘the
.caléulationsvéhown in fig. 5 td many more nucléi - the present Yb caseé, the

~Os nucléi, etc., -~ and we hope to develop techniques that will make it feasible

"to do this on a broad scale.
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4. Conclusions
‘Onie of the models proposed to ekplain-fhé backbending.phenomenon at

particles and

high spins in»fhe even nuclei involves the unpairing of two i13/2

the alighment of the resulting particle angular momentum with the core rotational

' ‘angular momentum. Such a model has had considerable impact recently in the

- ' 21,22

interpretation of spectra in the odd nuclei ). The alignment of particle

. . . /
angular momentum with core rotational angular momentum has been found to be the

' f_limitiné situation for the high-spin states from high-j orbitals in deformed
nuéiei, and.aisd_tovprovide a possible newvinterpretation for thése stétes in
_~the “Vibratiopal" nuclei. \There is even eVidence'thattfhé high-spin st;tes
'frqm iowat-j orbitél§ in the "vibrétional" nuclei behaQe in this way23). ‘This

s ’

developmént in the odd nuclei has called attention to the close relationship

between the.stafes based on a high-j orbital in the odd and even nuclei, and
‘léd ﬁoiéhe prqposﬁl_made here that one éhould tfy to cofrélate the effects of
the  fotétioh alignﬁent' in‘the twg types of nuclei} i.e.,backbending‘in the
eveﬁ nucigi ahd compres#ion and energy oscillations in the odd nuclei.' We ha6§
o tried'tbvao/thét, first qualitatively on a broad scale in section é, énd then
qgantitaéivéiy for two pairs of hucle; in section 3. Our conclusion is that
vthé proposed correlation>appears to be qﬁite’reasonabie.

, There.seems to be evidence accumulating that the backbending observed

7

viﬁ the-iight Er region is caused by an intersection of the ground band with the

‘rotation—élignéd 2-quasiparticle band based on'il3/2 particles. _bata on back-

bending in the odd nuclei of this region support thi524), as do recent

10,11)

calculations ehcdmpassing both pairing collapse and rotation alignment
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What occurs in other regions is not very clear at present, even experimentally.

L . .
Based on the present work, it seems plausible that all the backbending in the

raie—earth region could be due to these ii3/2 2-quasiparticle states, though
in the Os\region it is quite possible that the h9/2 proton shell is‘more

important, or even that another process is involved. We have made no estimates

~outside the rare-earth deformed regién. Howéver, in the "vibrational" regiohs

one should be espeéiaily cautious in interpreting "backbending" éhenomena,

since additional effects having thié appearance arevknowh to occur. The well-

- .

known spectfum of two particles in a j-shell looks somewhat like "backbending",

: . _ ) S . 25,26
as does the spectrum recently observed in the light Hg isotopes . ) caused

v'by.an,angular—mbmentum—induced shape transition (an extréme case of centrifugal

stretching). Thus we conclude that there is not a single cause underlying all
“bacbending" but rather every region, and sometimes each nucleus within a

fegion,‘has to be studied carefully and interpreted according to its individual
_ ! , 1

\
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Table 1. Parameters used in the ‘calculations.,
161 162, 17 172
n g S 3 3 4 4
€, o 0.275 0.275 0.281 0.281
€, . 0.000 0.000 +0.020 +0.020
A (Mev) . 1.367 1.367 2.040 2.040
A (Mev) B 1.006 1.006 0.840 0.840
: (h“""/z?)l x 102 (Mev) 1.65 - 1.41
02 :
h"/2%), x 10 (Mev) 1.28 1.19
I..‘ » . 2 - - . N
8, x 10% (kev 1 2.60 2.80
c.x107° (kev?) 7.36 7.60 -
. Based on the 2 = 1/2 bandhead as E = O.
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Figure Captions

Fig. 1.  The dependence of the component levels,of the 113/2j—Shell on 84 is

shown. The other Nilsson-model parameters are 62 = 0.25, K = 0.0637, and

-

U= 0.42, and for the rare-earth region hwo would be_about 7.8 Mev,

~ Fig. 2. Ground-band level energieé in doubly-even rare—earth_nucléi: The

»plots giQe the moment—of—inertia‘?’verSus‘the square of the rotational
ftequency w2, both quantities derived from the'transition enérgy. In a
few‘césés‘where more than one possible choice exists, the lowesﬁ—energy
tranéition is always used. Tentativély assigped'band members are_indicafed

' by.an omitted dot. The compreésion factors C and the contour line for

- C ; 0. 45 are derlved from the 17/2 - 13/2 level spac1ngs observed in the

'odd—N.nuclel (flg 3), and from the mean value E(2+0) of the 2+ energles

:in th¢ adjacent‘even nuclei. The data are taken mainly from a recent

cpmpilation by Saethre et al. (Nucl. Phys. A207 (1973) 486). References to

more recent results are given below:

152:Sm: W. p, Cook, M. W. Johns, G. L¢vh¢iden, ana Jd. Waddinéton, McMaster
‘ . University, Hamilton, Ontario, private communication‘(November 1973); 
- 1543@}_ R,jJ.[Sth;m, N. R. Johnson, M. W. Guiary, R. O. Sayef{ E. Eichler,
-, »'ﬁ. c. Sinéhal, and D. C. Hensley, Bull. Am. Phys. Soc. II 1§ (1973)

o 1405, and E. Eichler, priVate'communication (November 1973);
156'158 Sm: J B Wllhelmy, S ‘G. Thompson, R. C. Jared, and E. Chelfetz,
Phys. Rev. Letters 25 (1970) 1122;

154Gd;i T. L. Khoo, F. M. Bernthal, J. S. Boyno, and R. A. Warher,'Phys.

Rev. Letters 31 (1973) 1146;
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160Gd: .Nuclear Data Sheets (1964);

156Dy:_ R. M. Lieder, H. Beuscher, W. F. Davidson, A. Neskakis, and
C. MaYerfBSricke, Phys. Letters, in press;

164

Dy: R. O. Sayer; E. Eichler, N. R. Johnson, D. C. Hensley, and L. L.

Riedinger, Phys. Rev. C, in press;
~‘;S§Er:_ E. Grosse, F. S. Stephens, and R. M. Diamond, Phys. Rev. Letters,
31 (1973) 842; | , B
160 . - R ' K - .
Exr: P. H. Stelson, G. B. Hagemann, D. C. Hensley, R. L. Robinson,
;.L.‘L. Riedinger, and R. O. Sayer, Bull. Am. Phys. Soc. II 18 (1973) 581;
'164Er:' J. C. Lisle, F. Kearns, G. D. Drécoulis, J. C. Willmott, W. F. Davidson,
R. M. Lieder, H. Beuscher, A.'Neskakis} and.g. Mayer-BSricke, Proceedings
of the International Conference on NuclearvPhysics, Munich (1973),
o ed. J. deBoer and H. J. Mang, p. 187;
166,168 , : . : : L S '
_ Er:  G. Dracoulis, T. Inamura, F. Kearns, J. C. Lisle, and J. C: Willmott,

- ibid., p. 299;

1705, , J. M. ngingos, G. D. Symons, and A. C. Douglas, Nucl. Phys. A180 (1972)
600;
164Yb;‘ Same reference as "CCEr;
. 7
170

Yb:  A. J. Haftley, R. Chapman,.G. b.;bracoulis,»S,‘Flanagan, W. Gelletly,
and J. ﬁ. Mo, J. Phys. A: Math., Nucl. Gen. 6 (1973) L60;

168Hf:  R. M: Liedér, H. Beuscher, w. F. Davidson, A.‘Neskakis, and C.VMayer-

| .BSriéke, Proceedings of the International Conferénce oh Nuclear éhysids,

Munich (1973), ed. J.'deﬁoer and H. J. Mang, p. 188;

Hf: T. L. Khoo, F. M. Bernthal, J. S. Boyno, and R. A. Warner, Michigan

-State University, East Lansing, Mich. private communication (November 1973);
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Hf;r T. E; Ward and P. E. Haustein, Phys. Rev. C 4 (1971) 244;

W: | L.‘L. Riédinger, Oak Ridgé National Laboratory, Oak Ridge, Tenn.,
private communication (Noveﬁber 1973); |

W: F. M. Bernthal, Michigan State University, East Lansing, Michigan,
private communication (April 1973);

W; B. D. Jeltema, and F. M. Bernthal, Bull. Am. Phys. Soc. 18 II (1973)

1464; and F. M. Bernthal, private communication (November 1973);

/184W: S. W. Yates, P. J. Daly, U. R. Jghnsoﬁ, and N. K. Aras, Nucl.'Phys.
 A204 (1973) 33; -
174,176 : S . C ‘
Os: J. R. Leigh, F. S. Stephens, and R. M. Diamond, Lawrence Berkeley
Laboratory Report, UCRL-19530, p. 34;
'18205: Same feference as 168Hf;
j 184’;86'18805:, R. A. Warner, F. M. Bernthal, J. S. Boyno, and T. L. Khoo,
| .
[ _Phys. Rev. Letters 31 (1973) 835;
| 192

Os: R. J. Gehrke, Nucl. Phys. A204 (1973) 26.

14

K "'Fig. 3. ?he 113/2 yrast level energies in odd-N rare-earth nucléi. The plots

I give‘fhe apparent ﬁ2/2€r as derived from the tiansition eﬁergy (in units of
‘the mean value of h?/2€r in'the'neighbéring dpubly-even isotopes) versus .
the square of.the spin of,the upper level. In this plot an unperturbed
'fotatiénal band gives a horizonﬁal line (with the ordinéte close to one),
{.x > K ﬂ; , J>a:band folioWing the equation‘E = AI(I+1) + Bf2(1+1)2'gives a straight line

P S : ' . : . + +
i;l,‘. - with the slope B. The compression factor C derived from the 17/2 -~ 13/2

transition energy is. indicated for each nucleus. In several nuclei with

"N < 99 only one E2 cascade was observed, which establishes the energy-

G
; .

favored band members with I =3, 3 + 2, . . .; these points are connected
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by a brokenviine té indiéate‘the absence‘of the alternate band members.

(For- illustrative purpéées this -is also done for several coﬁpléte bands.)

Dots ére omitted for tentatively assigned band members. Réference to fhe'

original data is made in the list below.

l§ISm$ W. B. Cobk, G. Lgvhdiden, J. C. Waddington, and M. W. Johns,
Proceedinés of the Infernational Conference on Nuclear Physics,
Munich (1973), ed. J. deBoer and H. J. Mang, p. 184, and'J. C.
Waddington, private communication (November 1973);

Gd;-—G. L¢vﬁ¢iden, S. A. Hjorth, H. Ryde, and L. Harms-Rihgdahl,

~ Nucl. Phys. A181(1972) 589; . | -

Gd: G. Lﬁvh¢iden, J. C. Waddington, K. A.\Hagemann, S. A. Hjorth, anq
H. Ryde, Nucl. Phys. Al48 (1970) 657; |

Dy: K. Krien, R. A.-Naumann; J. O. Rasmussen, and I. Rezanka,

Nucl. Phys..A_Zog_ (1973) 572; |
Dy: W. Klamra, S. A. Hjorgg, J. Bqutét, S. Anare, andCD. Bournéand,
~Nuclear Phys. A199 (1973) 81; |
Dy: W. Kla@ra, S. A. Hjorth, énd K. G. Rensfelt,.AEI StockgomzAnnual
Report.l971, p. 30; |

) 161Dy: S. A. Hjorth, A. Johnson, and G. Ehrling, Nucl. Phys. Al184 (1972) 113;

157'159Er$ E. Grosse, F. S. Stephens, and R. M.-Diamohd, Phys. Rev. Letters
21 (1973) 840; H. Beuscher, w. F. quidson, R. M. Lieder, and
C._Meyer;BSricke, Proceedings International Conference on Nuclear -
- Physics, Munich (1973), ed. J. deBoer and H. J. Mang, p. 189;
1617163'165Er: S..A. Hjorth, H. Ryde, K. A. Hagemann, G. Lgvhgiden, and

J. C. Waddington, Nucl. Phys. Al44 (1970) 513;

i
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167Et£ G. B. Hagemann and B. Herskind, NBI Copenhagen, private communication

(November 1973); and to be. published;
163,165 s o ' : . . : . '
“"“Yb: L. L. Riedinger, Oak Rldge Natlonal Laboratory, Oak Ridge, Tenn.,

prlvate communication (November 1973),~
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Alohso, S. ﬁu;ﬁerg, and H. Ryde, Nucl. Phyé. Al97(1972) 430;
179Hf?"HQ_Hﬁbel, R. A. Naumann, M. L. Andersen, J. S. Larsen, O.\B. Nielsen,
. and N. O. Roy Poulsen, Phys. Rev. C 1 (1970) 1845;
'_169,17lw: See referencé fér 163'165Yb;
179 ' ;

W: Th. Lindblad, H. Ryde; and P. Kleinheinz, Nucl. Phys. A201 (1973) 369;

18l Th. Lindblad, H. Ryde, and P. Kleinheinz, Nucl. Phys. A210 (1973) 253;

183Os: Th. Lindblad, R. Bethiaux, P. Kleinheinz, and R. H. Price, Nucl. Phys.,
in press;
185 o i ’ ,
Qs:‘vH.‘Sodam, W. D. Fromm, L. Funke, P. Kemnitz, - K. ‘H. Kaun, and
‘G.Winter, Zentral Institut fur Kernforsdung Rossendorf bei Dresden,
Jahresbericht 1972, p.100
187 '

Os: J. S. Boyno. F. M. Bernthal, T. L. Khoo, and R. A. Warner, Bull. Am.
Phys. Soc. II 18 (1973) 1405 and F. M. Bernthal, private_communiéation

(November 1973).
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Fig. 4.. Caicﬁ;ated depegdence—of the il322 yrast ievel énergigs inﬁodd-N
;are-earﬁh nuclei on the fermi surface A and the deformatio£ parametefs
€, and €,. Nilsson model single particle energies(K = 0.0637, U = 0.42,
he_ = 7.83 Mev, €, = 0.20, 0.25, and 0.30, €, = -0.05, 0, +0.05) and
unattenuated Coriolis matrix elements (n = 1) have beenlused in the’
: calculations. The quantity ﬁz/zéf'was calculated from:e2 through eq. (8).
'The péiring gap was A = 0.9 MéV, and the three values of A were 6.513,.
6.692, and 6.896 hw . The pgfametér combinations for the individual yrast
bands are iﬂdicatgd in the partial Nilsson diagrams in tﬁe upper part Qf'
vthe.figure. | |

Fig. 5. _A comparison of experimeﬁtal (dots) and calculated (lines) properties

161,162Er n

ang 171,172,

of levels in the pairs of nuclei . The plots are of

the same type as those in Figs.-2 and 3. The left side of the figure shows

the fits obtained for the lowest i13/2 band in the odd nucleus of each pair,

and the right side shows the results for the doﬁbly—even nucleus calculated

using the same parameters (given in Table 1).
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