To be presented atthe ILLBL-1968
International Conference on Nuclear Physics, el

Munich, Germany, August 27-September 1, 1973

ROTATION-ALIGNED COUPLING SCHEME

RECEIVED
LAWRENCE
RADIATION LARORATORY

SEP T 1973

LIBRARY AND
ROCUMENTS SECTION

F. S. Stephens

July 1973

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

( 2
For Reference

Not to be taken from this room

N\ J

Fhen

\?

8961-1491



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.



LBL-1968

ROTATION-ALIGNED COUPLING SCHEME

F. S. Stephens

Lawrence Berkeley Laboratory
' University of California
Berkeley, California 94720

* ‘ .
Work performed under the auspices of the U. S, Atomic Energy Commission.

The International Conference on Nuclear Physics, Munich, Germany, August 27 -
September 1, 1973. _ : '



!
By
<.
Nepe_
-
R
e
Sagoonh
.
-
[
&
g
S,

-1 LBL-1968

1. Introduction

The study of nuclear states with high angular momentum is currently
popular. There ére prbbably two eséential reasons for this. Thé first is that
the nsture of states with spin larger than about 12 h is not yet well under-
stood in any nucleus, and for most nuclei the lihits of understanding are at
much lower spin values. The second reason is ﬁhat thé héavy-ion compound-nucleus
reactions (HI,an) provide a relatively easy and systemaiic means of.populﬁting
very high spin states. lThere are now many iaboratories employing heavy-ion
accelerators in such sﬁudies, and the resulting data pose & number of iﬁtrigﬁing
questions. |

A consideration of some of these queétions‘suggests thaf a new cou@lihg
scheme is often important for very high-spin states. In this scheme the
particle angular momentum, j, is quantized along the rotation axis éf the ﬁucleus,
and hence the name: rotation aligned. This is analogous té the name, |
‘deformation aiigned, for the usual strong coupliné scheme wheré J is quantized
along the deformation (or symmetry) axis. The objective of the present paper
will be to define this coupling scheme and to show wh& and where it is applicable

in both the odd-A and even-even nuclei.



< - o LBL-1968

2. Rotation-Aligned Coupling Scheme

An ovef—éimplified sketch illustrating the difference.betweén the
usual déformatioﬁ-aligned coupling scheme and the new rétation—aligned scheme
is shown in fig. 1. At the top, the deformatioh-aligned‘coupling scheme is
indicated, Qhere J‘has a sharp projection, 2, on the symﬁetry (3) éxis of the
nucleus. The core rotational angular momentum, R, and Qs the projection of
J on the rotation axis (located somewhere in the 1,2 'plahe), are not sharp, as
indicated by the multiple—pronged arrows. The wave function for this scheme
is the usual one proposed by Bohrl), consisting of an intrinsié part, xg , and
the rotationsal D-fﬁnction. At the bottom of fig. 1, the rotation-aligned
coupling scheme is indicated, where a is‘sharp and R and  are not. The wave
function here can be written as a linear combination of ﬁhe deformation aligned
ones, where the expansion coefficiepts”are given by'the.din(ﬂ/2) valuesz).
.-There is aAthird.coupling scheme, not‘shown in fig. 1, where R is sharp and o
and 2 are not; this is a variety of the familiar weak-coupling schemelf3). In order
to show the conditions under which a particﬁlar one of_tﬁese coupling séhemes should

be applicable, it is necessary to discuss briefly the‘partiéle~plus—rotor model.

The particle-plus-rotor Hamiitonian can be written:

2 .
_ _ o hT a2 >
H=H +H  =H +5 R =H +AR , (1)

where Hp is the particle Hamiltonien in the absence of rotation and & 1is the

core moment of inertia. The total angular momentum of the system f is composed
. ' e

of the core rotational angular momentum ﬁ plus the particle angular momentum ],

which gives the relation:

R=1-3 . (2)

et
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For the unique-parity, high-]) orbitals in each shell it 1s a very good
approximation to consider 3 to be sharp. Also, the core is assumed to be
exially symmetric, so that R3 = 0, and 13 = 33 = Q. Putting eq. (2) into Hrot

from eq. (1) then gives:

B ¢ “ADIT+1)+3(3+1)-2077+8, , | - (3)

where:

H, = -2A[Iljl +I3,) = Al _+ 13,1 . W)

Under the conditions that J is a good quantum number and that thé_single-
particle Hamiltonian is associated withba quadrupole field oriented along the

symmetry axis (the usual Nilssonh) potential), Hp can be written:

2 : .
H = ej + kB [39 - 301+ 1)] =e, +CR° . _ (5)

The coefficient, C, determines how widely the Q—componenté of the jJ-shell are
split apart on the Nilsson diagram,'and its relationship tq the rotational
constant, A, determines much of what happens at the lower spin values. It can
be shown that eq. (5) is in good agreement with the exact Nilsson solutions for
the unique-parity orbitals when |I8] & 0.3. Substitution of egs. (35 and (5)

into (1) gives:

H=e, +AII(T+1) +3(3+ 1]+ (c-2000° + B . - (6)

For a given situation (I, j and B) the first two terms of eq. (6) are diagonal
and the solution of the particle-plus~-rotor model consists of diagonalizing the

last two terms. When 8 is large, C is large and A is small, so that Hc is small.
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Ir Hc is negligible, then the solutions are eigenfuﬁctidné,df.the 92 term, which
are clearly staﬁés'Vith’sharp Q values, and the deformation-aligned (strong)

- coupling scheme ié applicable. However, C and A are notafunctions of I, vhereas
Hc ;ncreases with I; so that, for large enough I values the opposite situation
musf occur. That is, at sufficiently large I, the 92 term will be negligible
compared with Hc’ and the solutions wili be eigenfunctions.of Hc. It has been
shdwne) that the rotation-aligned wave functions (lower part of fig. 1) are
the approximate eigenfunctions of H,. Thus, for large I values the rbt#tion—
aligned coupling scheme should be generally valid. When B ié very small, eq. (5)
shows that Hp is nearly constant. It can be seen direcfly from eé. (1) that
when Hp is nearly constant (diagohal), the weak coupling écheme with sharﬁ R
values will applj. .The present case corresponds to avquadrupole-quadrupole
particle-coré.interaction and core states with the rotor energies. These general
regions of applicability of the three couéling schemes-are clear and rather
well known.

_ However, thevrotation-aligned regidn is extended évgn to low-spin states
when (C - 2A), the coefficient of 92, apbrbaches zero due to the cancellstion

of the two terms. Since A is'always positive, this occuré when C is positive; that
is, for prolaté deformations in the one-particle Hé givenvin eq. (5). For

'a one-hole Hp,.ﬁhe sign of k in eql (5) is reversed and cancellaxionioccurs
for oblate deformations. A convenient way to remember this requirement is to
note that the canéellafion occurs when the Fermi éurface is near the low-Q2
orbitals of the Jj-shell. If reasonsable numerical estimatés‘gfe made for C and

A around mass 130 with J = 11/2, then the region where C = 2A occurs for B a=0.18‘.

However, for a considerable region (AB ~v 10{05) on either side of this value,
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(c - 2A) is small and the rotation-aligned scheme is approximately applicable.

Meny "vibrational” nuclei lie in this region, and much of the interest in this

" coupling scheme stems from the fact that some regularities in the observed levels

of nuclei in this region of B correspond to those expeéted from the rotation-aligned
scheme. |

The‘exact solutions of the particlé-plus-rotor model can be obtained by
diagonalizing eq. (6) and are shown in fig. 2 for the yrast states coming from

the h orbital. At each B value the lowest I = j state is taken to have

11/2
E = 0, and all energies are in units of the corresponding even-even first-excited

state energy (E2+). The details of the calculation for this figure have been

discussed elsewheres), end only a brief summary will be given here. The Fermi ‘

surface was always well below the entire hll/2 orbital,.so this is a true one-

particle case. Pairing was included in the BCS approximation, and a well-
established empiriqal relationship was used to relate A to 8. The calculation
is for the mass 130 region.

The three coupling-scheme regions discussed above can be readily -
identifigd. The near;y-dégenerate multiplets near B = 0 arevcléarlyvthose of
the weak-coupling scheme, where one expects such multiplets centered on the core
energies. The range where they can be ident.ified is 'appfoximately -0.1 S8 €0.1;
however, this corresponds roughly to E2+ = 1 MeV, and in such cases it is doubtful
that any collective model should apply. Thus, in-the present context, it is not
clear that this coupling scheme will be valid anywhere. The déformation—aligned
coupling scheme is valid for large B vaiues and is characterized by nohnal
rotational bands. VOn the oblate side of fig. 2, the Q = 11/2 rotational band
is recognizable when B is on;y N -O.i, and is rather well developed by B = -~0.15.

On the prolate side the anomalous 2 = 1/2 band develops quite slowly, and is not
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' , '
yet very pure’eVeniat B = 0.3.’,It has been showna) thatithe foﬁation-aligned
scheme gives energies'virtua.ll); identical to these solut‘i'ons for 0.15 € B < 0.2,
and is a reasonable approximation for 0.1 < 8 < 0.25;_ An outstanding regularity
of this cbupling scheme is the occurrence of the decoupled band6) which has:
l)»a = § (fully aligned with the rotation axis); 2) spins §, J + 2, J + 4, ...;
and 3) the core energy spacings (as indicated by the adjacent even-even nuclei).
The darkened lines in fig; 2 are these states, and this band is seen to persist
across the whole prolate side with very neérly the cérelénergy spacings (identifiable
at.- B = 0). The weak coupling scheme gives the same energies for this band, but
requires in addition that other states, IR'— Jl <i <R+ ), coincide with them.

Note that fig. 2 is correct for one (or a few) particles in the h orbital;

11/2
whereas, for one (or a‘few) holes the particle-plus-rptor model would give
exactly the samelresults except that.the sigp of B would be.reversed.

The levels'that would be populated following a (HI,xny) reaction can be
predicted réther unambigﬁously from fig. 2. These would be the lowest-lying
high-spin states. On the prélate side this is the decdupied band, and one expects
tovsee stretchéd E2 transitions and even-even core spacings. The unfavored
high-spin states (J + l,VJ + 3, ...) 1lie considerably higher in energy and will be
more weakly populated, if at all. For oblate deformation a normal rotational band
(3, 3+1, J+2, ...) develops at quite low deformations, and a series of Ml + E2
cascade transitions with E2 éross~overs should be seen. At very low deformations
(B ~n 0.1) the favored and unfavored yrast states lie closévtogether, but the
order of favored lowest on the prolate side and unfavored lowest on the oblate
side is always preserved. For hole states (nearly full jfshell), all these pre-

dictions should occur for the opposite sign of B. it is now of interest to look at

some odd-mass nuclei to see if these features occur as expected.

» ) - i
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3. 0dd-Mass Nuclei

Many studies have now been made of levels in odd-mass nuclei located in
the "vibrational" regions (0.1 < |8] < 0.25). Rather unambiguous decoupled bands

5$8)’ 699);

have been seen in the Au region7), the light Gd-Yb region the La region

O,ll)

and the Ru~-Pd regionl . The alternative rotational-bandlike levels have been

seen in light T4 nuclei7) and in the light Ce~Nd nucleile). For both types of
band there may be otﬁer regions, as a careful survey was not made. The point is
that a rather large amount of evidence has‘already been accumulated showing that
the expectations outlined in the previous section do often occur in nuclei.
Rather than surveying_all these regions, I have chosen one, the La-Ce region, to

illustrate the application of these ideas to the observed levels.

3.1 The La-~Ce Region

A portion of the Nilsson diagram for protons is shown in fig. 3, where
sﬁme of the orbitals have been fully drawn, and others have not. For the La
nuclei, with 7 protons beyond the closed shell at 50 (at B = 0, this closed
shell is at the bottom of fig. 3) and deformations 0.15 - 0.25 (for mass numbers

137 - 125), the h orbital is essentially empty in all cases. Thus, the simple

11/2
one-particle calculations of fig. 2 should apply, and for proiate shapes

(anticipating the results), decoupled bands should occur for all these La nuclei.

Now consider the neutrons in 135Ce,l37Nd(77) and 133Ce,lBsNd(TS), where B v 0.15 - 0.20.
Figure 3 can also give an estimate for neutrons in_this region; the 82 ciosed shell comes

between the h and 51/2 orbitals. If the nuclei are prolate, the N = 77 cases

9/2
(with 5 holes in the 82 closed shell) will have one hole in the hll/2 orbital,
so that fig. 2 should be applicable except with the sign of B reversed. Thus,

normal rotational-bandlike levels are expected, with a tendency for the levels,
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after the first one (I = j), to be paired: J + i and J +2; J+3and J+4; ... . For

the N = 75 nuclei (7 holes in the 82 shell) the_Fermi 1evel>has dropped to around
the 9/2 component of the hll/2 orbi?al. This givesvthree holes in the h11/2
orbital and fig. 2 does not apply. Appropriate calculations show that one

expects a perturbed Q = 9/2 rotational band, where the j, j+2, j+4, *++ 1levels
again lie anomalously low. Thus for prolate deformation a unique set of predictions
can be made, and an equally unique and opposite set would be made for the oblate

case.

The negative-parity La levels6’9) are shown in fig. 4, where the& are compared

with the levels in the even-even Ba isotope with one fewer proton. The correspondence

in spin and energy of the odd-mass and evén-even levels is remarkable, and comprises
the first, and still perhaps the best, example of decoupled bands. Other features
of these bands support this interpretation. The lack of population of other
negative parity states argues against the weak-coupling scheme, which could
otherwise explain these energies. vThe spectroscopic factors for population of

the 11/2” state in the (a,t) and (3He,d) reactions vary from about 1.0 in l39La

131

to 0.4 in La, in good accord with calculationsg) like those of fig. 2. Also

the dramatic drop in energy, as the mass number decreases, of the 11/2  state

relative to the positive parity states (d5/2,g7/2) in the La isotopes can be

understood in this interpretation. All the known characteristics of these La

11/2
In fig. S5 the levels recently determinede) for 135Ce and l37Nd are

levels support their assignment as decoupled h bands.

shown. The normal rotational-band order of the negative-parity levels is seen, but
the perturbations favoring the J, J + 2, ..{, levels are quite strong. This is
qualitatively what is expected for a prolate éhape; however, quantitatively the

observed spacings are somewhat less
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regular than calcu;ated. This is in the direction that miéhf be expected if
thére were some shape (y) asymmetry, or softness toward suéh asymmetry, ﬁnd

the lowflying'second 2+ state in the adjacent evén-even'nuclei show that this

is very likely to be the case. Additional evidence that these nucléei are prolate
comes from the largé negative A, coefficients (™~ -1.0) in the angular distribu-
tions of the M1 + E2 gamma rays in the 11/2~ band. This implies a negative
sign_fb; 8§, the mixing ratio, and therefore a ppsitive QO (prolate), since

gK-gR will be negative for the h11/2 neutron and the sign of § is determined by the
133 35

are also rotational-bandlike, have 9/2= for the lowest spin rather than 11/2-,

sign of'(gK - gR)/Qo. The level schemes for Ce and 13°N4 are shown in fig. 6. They

show more regular energy spacings than the previous set, and also have the large

negative A, coefficients for the ML + E2 transitions. All of these are in

2
accord with expectations for a prolate shape, and show that these odd-neutron nuclei
are behaving much as the.particle-plus-rotor modgl would predict.

A question grises as to why a simple gxiallyQ symmeﬁric particle~plus~
rotor model should work so well in this La-Ce (or any other'similar) region.
It seems likely that many other features are involved in the core states;
vibrational motions, asymmetric shapes, sizeable individual 2-particle
amplitudes, etc. Part of the answer to this prdblem may‘have been given by

'-Greinerl3),

who pointed out that iﬁ a wide variety of collective models the
even-even yrast states (lowest-lying O+, 2", 4*, ...) have a strong rotgtiondl
character, even'though the other lower-spin states do not. If an odd particle is
coupled to these yrast states, it will, therefore, pfoduce a partic;e-plus—rotor
spectrum; and the odd-mass yrast states in this spectrum may not_be much affected

by the states based ph all the noﬂ-yrast core states. -Thus, the odd-mass yrast

states will look
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1ike particle~plus-rotor states; whereas, the lower spin states may not. This expla-
" nation could bevtrue since one of the beautiful (1imiting?) features of the (HI,xny)
reactions is the high specificity for populating yrast states, thereby producing
very little inférmétion about lower spin states. It will be of considerable
interest to study these lower spin states, and also the stdtes from lower-J

orbitals where additional features may occur..

3.2 The Light 0Odd-Mass Er Nuclei

There are two reasons for discussing the light odd-mass Er nuclei. The
‘first is that they shov'very clearly the transition from a deformation-gligned
region to a rotation-aligned region. The second is that they are involved in

- some of the arguments about even-even nuclel which will be made in the next

section.
T 2

In fig. 7 the energy level spacings, ip units of 5 ° are shown for a
decoupled band and fof a strongly-coupled rotational band based on the 113/2
orbital. The rotational spacings éhown on the left aré independent of § (éxcept
for 1/25; and also,:the existence qf possible lower band members is irrelevant to the
present argumenté; It is apparent that the decoupled band is very heavily
cémpreséed (by the Coriolis interactions), and a measure of this compression
could serve as a measure of the extent of decoupling. If an aversge E,, (6 %% )
is determined from the ad}acent even-even nuclei, then'the 17/2 -~ 13/2 spacing
divided by this E2+ would be 1.0 for a decoupled band, and 5.3 for a rotational
band. Comparing the 21/2 - 17/2 spacing with the even—evenvh - 2 separation

would give 1.0 and 2.9 for the two types of band. Thus an estimate can be made

at any spin value of how decoupled an observed band is.
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A plot of this odd-A-to-average?even-even transition energy ratio is
shown in fig. 8 for the lowest band based on the 113/2 ofbital in the odd-mass
Er isotopes. The decoupledeband limit for this ratio is always 1.0; whereas,
the rotational band limit varies from about 5 to 2. For the 17/2 - 13/2 energy

167Er (B~ 0.33) to

spacing the ob;efvéd ratio drops monotonically from 3.6 for
1.0 for 157Er (B~ 0.2). This is Just the trend expected; and it is caused both
by the decrease in B and by a decfease in the Fermi level with mass number toward
the R = 1/2 state (the one-particle situation). The éther'important trend is with

spin, I, and it is clear that the extent of découpling increases with incréasing

- I, as expected. Thus, the 113/2 bands in these Er nuclei show very clearly the
157 159

transition to the rotation-aligned coupling scheme. Note»that Er and Er

have essentially pure decoupled bands even for the lowest spins.
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L. Even-Even Nuélei

An intérésting new effect has recently been observed around I Vv 16 in
the ground-state rotational band (yrast states) of some even-even rare-earth
nucleilh). It is called "backbending", and an illustration of what this means
is given in fig.'9; The main‘plot shows the yrast states éf 162Er on an energy
vs. I piot,‘and although this looks rather ordinary, the slope has some éistinct
chdnges around I = 16. The insert shows the currently popular way to plot these
data: as (essentially) the moment of inertia,¥, (defined from the transition

energy) vs. the square of the rotational frequenéy, w. The rotational frequency

is proportional to the slope of the main curve, and it is approximated as one-half

the transition energy in fig. 9. The slope changes appear clearly on this plot,

and the origin of the name, backbending, is obvious. The effect is not a very
drsmatic one on the main plot but, on the other hand, hw (the transition energy)
is directly measured so that the backbend is unmistakeable and quite likely
iﬂdicative of some interesting phenomenon. ‘

A proéess that might cause backbendiné ié illuétrated in fig. 10. The
ground-state band, labeled as the paired vacuum state IB'), is shown to be crossed
by another band, the lower one of which in fig. 10 is labeied "decoupled". The
band implied here is a two-quasiparticle one, where fhe first quasiparticle has
the ﬁaximum angular-momentum projection on the rotétion axis, a =‘J = 13/2, and
the second quasiparticle has the maximum remaining projection on that axis,

¢ =J -1, This is written in the usual second—quantiiation notation as

o oF
13/2°11/2

refers to the rotation-aligned quantum number called (somewhat unfortunately in

this context) a. Such a band crossing can produce all the effects presently

IB ) , where a+ is a creation operator for quasiparticles and the subscript



W

acom,
Frccad
..
gt
St
&
o

SY L Sk iy
RN Y I

-13- | LBL-1968

known to occur in the backbending regionls). These include backbending in the
ground band (and also in the B-band) and the various featﬁres of the population
of these states following (HI,xnY) reactions: a) the amount of population observed
for each rotational level with various projectiles on different types of nuclei,
b) the fast collective E2 transitions above, through and below the intersection
region, and c) the lack of any observed transitions above the intersection region.
The explanation of thesevp}opérties will not be discussed, as they already are |
rather well known. There is, at present, a considerable amount of evidence that
a band crossing is involved in backbending. Furthermore, all the data presently
known (by me) can be at least qualitatively accounted for if the crossing band
is assumed to be this two-quasiparticle fotation—aligned band.

Another possible explanation of backbending is that the pairing correlations
in the nucleus may be rather suddenly quenched at high rotational frequencies
due to the increasing Coriolis force. Such a model cen be schematically represented
by a crossing of the paired ground band by a band based on the unpaired vacuum
state, |0 ), shown also in fig. 10. Such a collapse of fairing‘was predicted by
Mottelson and Valatinls) to occur at about these spin values. This pairing
collapse has recently been the subject of much study, and three recent review
articles17—19) discuss it. The next spesker, Prof. Z. Szymanski, will report on
this subject. While other.causes for backbending have been proposed, these two,
rotation alignment and pairing collapse, have received the most attention; aﬁd at
bresent no definitive experimental test has been proposed to distinguish between
them. The remainder of this section will consist of an éttempt to propose and
apply such ; test.

The essence of this test is to determine the effect_of an odd decoupled

113/2 neutron on the backbending process. It has been shown in previous sections
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that such bands occur in the light Er nﬁclei. and have energy spacings very
similarvto those of the adjacent even-even nuclei. 'Thége even-even nuclei
backbend, and the proposed‘test is to predict.and measure the odd-mass behavior
in this spin region. | | '

The prediction of the pairing—collapse model about béckbending in a

deéoupled i band can be stated very simply. An odd particle reduces the

13/2
pairing correlations due to blocking effecfs, and thus the‘paifing collapses at a
lower rotationai frequency. This statement can be illustfated in fig. 11. The

solid lines show tﬁe even-even situation based on this médei: the paired vacuum
state intersecting the uhpaired vacuum state. The dashed lines show the odd-mass
situation. For the unpaired case, the one particle state, aI3/2

even-even vacuum state, |O ), coincide as shown, provided: - 1) the vacuum is

|0) , and the

assumed to be the average of the two nuclei adjacent to the odd-mass nucleus;

- 2) the decoupled i state lies at the Fermi surface, and 3) the level density

13/2
is reasonsbly large. However, in the paired case the one-quasiparticle state
always occurs higher in energy than the vacuum state by the odd-even mass

difference, A. The dashed line in fig. 11 for the odd-mass band with pairing

is, therefore, raised in energy by this amount - taken to be 0.8 MeV. As a result,

the intersection with the unpaired band is seen to occur at lower spin and also
at lower rotatidnal frequency (slope). |

An opposite change is expected in the fbtation—alignment picture as is
illustrated in-fig. 12. Again the solid lines represent the even-even situation:
the paired vacuum state crossing the rotation-aligned two-quasiparticle statg.
Adding én odd particle to eéch of these states raises both of them by the energy,
A, due to pairing effects; but this can be ignored since only the relative energy

(crossing point) is of interest. The one-quasiparticle state then coincides in -

energy with the paired vacuum state as shown in fig. 12. However, the same decoupled

. .
1
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two-quasiparticle state involved in the even-even case cannot be made in the
odd-mass case due to the Pauli principle. The odd neutron is already occupying
the o = 13/2 state; The most favorable states available to the broken pair

are then a = 11/2 and o = 9/2; so that, the three quasiparticle state becomes:

-,-
13/2 11/2 9/2

particle state is larger than that between the zero- and two-quasiparticle states

IB ) . The energy difference between the one- and three-quasi-

because (1) the a = 9/2 state is less favorable energetically than is the o = 13/2
state, and (2) the additional angular momentum gained by breaking the peir is

only 10 h rather than 12 h, so that 2 h more of core rotational angular momentum

is required. The sum of these two effects is about 1 MeV, so that the intersection
should come at higher épin and rotational’freqﬁency as éhown in fig. 12. Note

that if the odd particle were not in the i '

13/2
dicted change in the intersection point. To obtain the situation in fig. 12,

orbital, there would be no pre-

- the odd particle must be one of those involved in the even-even two-quasiparticle

state.

In order to determine which prediction is correct, additional experiments

157,159

were made to extend the data in the decoupled bands of Er to higher spin

valueszo). The backbending curves for 156Er and 158

157

Er are shown in fig. 13,

157

where the decoupled band in Er has also been plotted. If Er backbends,

it clearly does so only at higher rotational frequencies (and spin values) than

158,159,160

its even-even neighbors. The situation for Er is shown to be very

159Er is not quite completely decoupled at the

similar in fig. 1lb, except that
lowest (13/2,17/2) spin values.” This failure of the odd-mass bands to backbend
is in agreement with the rotation-alignment explanation of backbending, and in

apparent disagreement with the pairing—coliapse explanation.
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A more sensitive way to present these same data is shown in fig. 15.
Here we have plotted the ratio of transition energy in the odd-mass nucleus
(EI+J - EI+J-2) to that in the even-even nucleus (EI —_EI-2) versus I. Prior
to the backbend region (I ' 12), both odd-mass nuclei seem to be converging to a
value of about 1.1. As the even-even backbend occurs, however, (I = 1k4) the

ratio rises sharply since the odd-mass bands to not experience the same drop in

transition energy. ' This sharp rise at I = 14 is very clear in both cases.

Probably the greatest uncerteainty in this test arises from the possibility

that an entirely unforeseen effect is causing the odd-mass bands not to backbend.

5T 159

This can be checked by looking at the h decoupled bands in 1 Ho and Ho.

11/2
Since the rotation-alignment picture describes the crossing band as composed

mainly of 1 neutrons, the blocking of a proton orbital should have mﬁch less,

13/2
if any, effect on the backbending. Thus, the decoupled bands in 157’159Ho should
backbend like the even-even nuclei, and preliminary data?l) indicates that they
do. If this proves to be the case, it will not only confirm the present test,
but also provide a means to analyze which configuration§ are important in the
band intersecting'the ground band. This could bq useful in the Os region, for
example; where it is not clear, even if the fotation-alignment picture is correct,

whether i neutrons or h9/2 protons are mainly responsible for the backbending.

13/2

1
B I S
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S. Conclusion

In a number of odd-mass nuclei evidence has been fresented showing that
the particle-plus—roﬁor model gives a reasonable description of the yrast states
- in the rangeVIBI VY 0.1. This is a qonsiderable extensibh, toward smaller B
values, of the expected range of validity of this model. It is not clear at .
~ present whether this description'is valid only for the high-spin yrast states,
or whether lower-spin states in these nuclei are also explained. Low-lying high-spin
- states, in generel, tend to havé the odd¥particle angular.mqméntum, J, aligned with that
of ng.rotatihgchre. This suggests a coupling séheme whereva, the projection
of J on the rotatidn’aXig, is a good quentum number. Such a rotation-aligned
coupling scheme has been discussed and describes réther well the‘yrast
states in many odd-mass nuclei. This couplihg scheme could be'e#pected to apply to
lower spin states under certain (rapher common) conditions, and it is at.presént
a challenge to find the proper expefiments to test this.
v In the even-even nuclei the rotation-aligned scheme may also play an
important role. It has been suggested that backbending in the light rare-earth
region may be Jusf the intersection of the gr0una band wi;h such & rotation-
aligned tﬁo-quasiparticle_state composed of 113/2 neutrqns. A test, based on
backbending in odd-mass nuclei, suggests that this explanation (rather_than the

pairing-collapse explanation) is, indeed, correct in the light Er nuclei. Whether

this will prove to be the case in other regions is not yet clear.
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Figure Captions

Fig. 1. Schematic vector diagrams illustrating the deformation-aligned coupling
scheme (sbove) and the rotation-aligned coupling scheme (below). The two
types of wave function'are alsp indicated.

Fig. 2. The results of diagonalizing eq. (6) for the hll/2

B8 values showing all the yrast states up to I = 23/2.(the second-lowest

orbital at wvarious

I = 11/2 state is also shown). The ordinate is the difference between the
eigenvalue and that of the lowest I = 11/2 state, in unifs of E2+.

Fig. 3. A portion of the Nilsson diagrem for protons, where only the hll/2

and h9/2 orbitals_have been fully drawn.

Fié. L, A compariéon of the negative parity bands in the odd-mass La isotopes
with the ground band in thé neighboring Ba nuclei. In most cases (energy
zero in parentheses) the La 11/2” level is not the ground state and its

energy has been subtracted from all levels shown for that isotope.

135 137

Fig. 5. Energy levels in Celand‘ Nd. The transitions in the 11/2" bands

are shown as solid; whereas, the others are open. The width of the arrows

indicates the amount of population following the (HI,xnY) reaction.

133 135

Fig. 6. Energy levels in Ce and Nd. The transitions in the 9/2  bands

are shown as solid; whereas, the others are open.

13/2
rotational band (left) and in a decoupled band (right).

Fig. 7. Level spacings, in units of hz/z?{ s for an i particle-in a normal

Fig. 8. The ratio of AE(I + 2 + I) in an odd-mass nucleus divided by the.
average of the corresponding transition eneréies in the adjacent even-even
nuclei- AE(I + 2 - J =+ I -~ J), is plotted against mass number for the light
Er nuclei. The rotational-band and decoupled-band limits are shown together
with the data for the first four such transitions in the lowest-energy i

13/2
band.
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Fig. 9. A plot of energy ys. I for the ground-band rotational levels in 162Er.

The insert shéws the same déta in the type of plot generally used to show
backbending behavior.

Fig. 10. An epérgy vs. I plot showing the paired grouﬁd—band in an.eVen-even

o nucleus, Ig )., intersecting éither the "decoupled" two-quasiparticle band
or a band based on the unpaired vacuum state IO ). This last state refers
to.ihe same nucleus (farticle nﬁmbéf), but no pairing.éorrelations (sharp
Fermi sufface); | |

Fig. llf Thié blot shows the intersection points, baﬁed on the pairing-coliapse
model, of the ground band with the unpaired excited band in: ‘1) an even-even
nucleus (solid lines) and 2) an odd-mass nucleus.with.a decoupled 113/2 odd
particle (dashed lines).  Note that the éubscript on the creation operators (a
'dr'a+) refers to the rotation-alignment quantum nuﬁbef; a.

Fig. 12. This pldt shéws:the'intersectiqn points, based on the rotation-alignment
‘model, of the groupd»band with the broken-pair éxcitéd band in: l)-an.even-even
nucleus (s0lid lines) and 2) an odd-mass nucleus with a decoupled 113/2 odd
particle (dashed lines). The subscripts on the quasiparticle creation operators
(a*) refer to the rotation—alignment quanﬁum number, a. |

156,158

'Fig.-13. Conventional backbending plots for Er, and for the decoupled

band in 2°TEr. We have used: 2®%/MZ = (LI' - 2)/(E; - E;_,) and
hy = (EI - Ei-2)/2’ where I' = I for the even-even nuclei and I' = I - 3
for the decoupled band in the odd-mass nucleus.

Fig. 1b. Conventional backbending plots for 158,160

159

Er and for the decoupled

band in Er. See caption to fig. 13.

Fig. 15; Plot of fhe decoupled band transition energy divided by the'corresponding

157,159_,

even-even energy vs. I for Er. The even-even value used is the average

of the two adjacént nuclei.
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