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1. Introduction 

The study of nuclear states with high angular momentum is currently 

popular. There are probably two essential reasons for this. The first is that 

the nature of states with spin larger than about 12 h is not yet well under-

stood in any nucleus, and for most nuclei the limits of understanding are at 

much lower spin values. The second reason is that the heavy-ion compound-nucleus 

reactions (HI,xny) provide a relatively easy and systematic means of populating 

very high spin states. There are now many laboratories employing heavy-ion 

accelerators in such studies, and the resulting data pose a number of intriguing 

questions. 

A consideration of some of these questions suggests that a new coupling 

scheme is often important for very high-spin states. In this scheme the 

particle angular momentum, j, is quantized along the rotation axis of the nucleus, 

and hence the name: rotation aligned. This is analogo~ to the name, 

deformation aligned, for the usual strong coupling scheme where j is quantized 

along the deformation (or ~etry) axis. The objective of the present paper 

will be to define this coupling scheme and to show why and where it is applicable 

in both the odd-A and even-even nuclei. 
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2. Rotation-Aligned Coupling Scheme 

An over-simplified sketch illustrating the difference between the 

usual deformation-aligned coupling scheme and the new rotation-aligned scheme 

is shown in fig. 1. At the top, the deformation-aligned ·coupling scheme is 
. ,... 

indicated, where j has a sharp projection, 0, on the symmetry (3} axis of the 

nucleus. The core rotational angular momentum, R, and a, the projection of 
. ,... " 

j on the rotation axis {located somewhere in the 1,2 plane}, are not sharp, as 

indicated by the multiple-pronged arrows. The wave function for this scheme 

is the usual one proposed by Bohr
1 } , consisting of an intrinsic part, X~ , and 

the rotational D-function. At the bottom of fig. l, the rotation-aligned 

coupling scheme is indicated, where a is sharp and R and 0 are not. The wave 

function here can be written as a linear combination of the deformation aligned 

ones, where the expansion coefficients are given by the d~{~/2) values2). 

There is a third coupling scheme, not shown in fig. 1, where R is sharp and a 

and n are not; this is a variety of the familiar weak-coupling scheme1 •3). In order 

to show the conditions under which a particular one of _these coupling schemes should 

be applicable, it is necessary to discuss briefly the particle-plus-rotor model. 

The particle-plus-rotor Hamiltonian can be written: 

h 2 -+2 
H = H + H t = H + 2 ~ R = H p ro p C) p 

+A "(2 
' 

where H is the particle Hamiltonian in the absence of rotation and~ is the 
p 

(1} 

core moment of inertia. The total angular momentum of the system I is composed 

of the core rotational angular momentum R plus the particle angular momentum 

which gives the relation: 

-+ 
j ' 

(2) 

l 
l 

r 
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For the unique-parity, high-j orbitals in each shell it is a very good 

approximation to consider J to be sharp. Also, the ~ is assumed to be 

axially symmetric, so that R
3 

= O, and r
3 

= J
3 

5 n. 

from eq. (1) then gives: 

Putting eq. (2) into H t ro 

H t = A(I(I + 1) + j(j + 1) - 2n2] + H ro c ' (3) 

where: 

(4) 

Under the conditions that j is a good quantum number and that the single-

particle Hamiltonian is associated with a quadrupole field oriented along the. 
' 4 

symmetry axis (the usual Nilsson ) potential), H can be written: 
p 

[ 
3fl2 - j { J + 1 ) ] = 

HP - e j + k8 4J ( j + 1 ) . (5) 

The coefficient, C, determines how widely the 0-components of the j-shell are 

split apart on the Nilsson diagram, and its relationship to 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 lsi<~ 0.3. Substitution of eqs. (3) and (5) 

into (1) gives: 

H = e j + A[I (I+ 1) + j ( j + 1)] + ( C - 2AH'l + He {6) 

For a given situation (I, j and 8) 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 H is small. c 
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. . 2 
If' H is negligible, then the solutions are eigenf'unctions of' the n te:nn, which 

c 

are clearly states vi th sharp n values, and the deformation-aligned (strong) 

coupling scheme is applicable. However, C and A are not f'unctions of' I, whereas 

H increases with I; so that, f'or large enough I values the opposite situation 
c 

must occur. That is, at sufficiently large I, the 02 term will be negligible 

compared with H , and the solutions will be eigenf'unctions of' H • It has been 
c c 

shown2) that the rotation-aligned wave f'unctions (lower part of' f'ig. 1) are 

the approximate eigen:f'tmctions of' H • Thus, f'or large I values the rotation-. c 

aligned coupling scheme should be generally valid. When B is very small, eq. (5) 

sh.ows that H is nearly constant. It can be seen directly f'rom eq. ( 1) that 
p 

when Hp is nearly constant (diagonal) 1 the weak coupling scheme vi th sharp R 

values will apply. The present case corresponds to a quadrupole-quadrupole 

particle-core interaction and core states with the rotor energies. These general 

regions of' applicability of' the three coupling schemes are clear and rather 

well known. 

However, the rotation-aligned region is extended even to low-spin states 

when (C- 2A), the coefficient of' n2, approaches zero due to the cancellation 

of' the two terms. Since A is always positive, this occurs when Cis. positive; that 

is, f'or prolate deformations in the one-particle H given in eq. (5). For 
p 

a one-hole H , the sign of k in eq. (5) is reversed and cancellation occurs p . 

f'or oblate deformations. A convenient way to remember this requirement is to 

note that the cancellation occurs when the Fe:nni surface is near the low-0 

orbitals of the j-shell. If' reasonable numerical estimates are made for C and 

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

However, for a considerable region (613 "' ±0.05) on either side of this value, 

~ j 
! 
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(C - 2A) is small and the rotation-aligned scheme is approximately applicable. 

Many "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 a correspond to those expected from the rotation-aligned 

scheme. 

The exact solutions of the particle-plus-rotor model can be obtained by 

diagonalizing eq. (6) and are shown in fig. 2 for the yrast states coming from 

the h
1112 

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

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 elsewhere 5), and only a brief summary will be given here. The Fermi 

surface was alw~s well below the entire h1112 orbital, so this is a true one

particle case. Pairing was included in the BCS approximation, and a well-

established empirical relationship was used to relate A to a. The calculation 

is for the mass 130 region. 

The three coupling-scheme regions discussed above can be readily 

identified. The nearly degenerate multiplets near a = 0 are clearly those of 

the weak-coupling scheme, where one expects such multiplets centered on the core 

energies. The range where they can be identified is approximately -0.1 ~a < 0.1; 

however, this corresponds roughly to Ez+ ~ 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 deformation-aligned 

coupling scheme is valid for large a values and is characterized by normal 

rotational bands. On the oblate side of fig. 2, the 0 = 11/2 rotational band 

is recognizable when B is only~ -0.1, and is rather well developed by B = -0.15. 

On the prolate side the anomalous Q = 1/2 band develops quite slowly, and is not 



-6- LBL-1968 

yet very pure even at a= 0.3 •. It has been shown2 ) that the rotation-aligned 

scheme gives energies virtually identical to these solutions for 0.15 <a ~ 0.2, 

and is a reasonable approximation for 0.1 <a< 0.25. An outstanding regularity 

6 of this coupling scheme is the occurrence of the decoupled band ) which has: 

l) a= j (fully aligned with the rotation axis); 2) spins j, 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 nearly the core energy spacings (identifiable 

at a = 0). The weak coupling scheme gives the same energies for this band, but 

requires in addition that other states, IR- Jl <I< R + j, coincide with them. 

Note that fig. 2 i~ correct for one {or a few) particles in the h1112 orbital; 

whereas, for one (or a few) holes the particle-plus-rotor model would give 

exactly the same results except that the sign of a would be reversed. 

The levels that would be populated following a (HI,xny) reaction can be 

predicted rather unambiguously from fig. 2. These would be the lowest-lying 

high-spin states. On the prolate side this is the decoupled band, and one expects 

to see stretched E2 transitions and even-even core spacings. The unfavored 

high-spin states (j + 1, j + 3, ••• )lie considerably higher in energy and will be 

more weakly populated, if at all. For oblate deformation a normal rotational band 

{j, j + 1, j + 2, ••• ) develops at quite low deformations~ and a series of Ml. + E2 

cascade transitions with E2 cross•overs should be seen. At very low deformations 

(a ~ 0 .1) the favored and unfavored yrast states lie close together, 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 j-shell), all these pre-

dictions should occur for the opposite sign of a. It is now of interest to look at 

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

· .. 
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3. Odd-Mass Nuclei 

Many studies have now been made of levels in odd-mass nuclei located in 

the "vibrational" regions (0.1 ~ lsi < 0.25). Rather unambiguous decoupled bands 

have been seen in the Au region7), the light Gd-Yb region5•8), the La region6•9), 

and the 
10 11 

Ru-Pd region ' ) • The alternative rotational-bandlike levels have been 

seen in light Tt nuclei7) and in the light Ce-Nd nuclei12 ). For both types of 

band there ma:y be other regions, as a careful survey was not made. The point is 

that a rather large amount of evidence has alrea~ 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 

some 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 = O, this closed 

shell is at the bottom of fig. 3) and deformations 0.15 - 0.25 (for mass numbers 

137 - 125), the h
1112 

orbital is essentially empty in all cases. Thus, the simple 

one-particle calculations of fig. 2 should apply, and for prolate shapes 

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

Now consider the neutrons in 135ce,137Nd{77) and 133ce,135Nd(75), where a~ 0.15- 0.20. 

Figure 3 can also give an estimate for neutrons in this region; the 82 closed shell comes 

between the h
912 

and s112 orbitals. If the nuclei are prolate, theN = 77 cases 

(with 5 holes in the 82 closed shell) will have one hole in the h1112 orbital, 

so that fig. 2 should be applicable except with the sign of a 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 + 1 and J + 2; j + 3 and j + 4; •••• For 

the N = 75 nuclei (7 holes in the 82 shell) the Fe~i level has dropped to around 

the 9/2 component of the h1112 orbi~al. This gives three holes in the h1112 

orbital and fig. 2 does not apply. Appropriate calculations show that one 

expects a perturbed S1 = 9/2 rotational band, where the j, j+2, j+4, • • • levels 

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 they 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 even-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 par~ty states argues against the weak-coupling scheme, which could 

otherwise explain these energies. The spectroscopic factors for population of 

~- ) 139 the 11/2- state in the (a,t) and (-He,d reactions vary from about 1.0 in La 

to 0.4 in 131La, in good ~ccord with calculations9 ) 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 (d
512

,g
712

) in the La isotopes can be 

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

levels support their assignment as decoupled hi_1; 2 bands. · 

In fig. 5 the levels recently determinedl2) for 135ce and 137Nd are 

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 shape; however, quantitatively the 

observed spacings are somewhat less 



: ' .\ J u {[. ~ n ) 
il 

~~-.. , . . , .,y ' ~) J :,J 

-9- LBL-1968 

regular than calculated. This is in the direction that might be· expected it' 

there were some shape ( y) asymmetry, or softness toward such asymmetry, and 

the low~lying second 2+ state in the adjacent even-even nuclei show that this 

is very likely to be the case. Additional evidence that these nuclei are prolate 

comes from the large negative A2 coet't'icients (~-1.0) in the angular distribu

tions or the Ml + E2 gamma r~s in the 11/2- band. This implies a negative 

sign t'or ~,the mixing ratio~ and theret'ore a positive Q0 (prolate), since 

st<:-gR will be negative t'or the ~112 neutron and the sign of ~ is determined by the 

. 133 l35 
sign or (gK - gR)/Q0 • The level schemes t'or Ce and Nd are shown in t'ig. 6. They 

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

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

negative A2 coet'ficients t'or the Ml + E2 transitions. All of these are in 

accord with expectations t'or a prolate shape, and show that these odd-neutron nuclei· 

are behaving much as the particle-plus-rotor model would predict. 

A question arises as to why a simple axially- symmetric particle-plus-

rotor model should work so well in this La~ce (or any other similar) region. 

It seems likely that many other t'eatures are involved in the core states; 

vibrational motions, asymmetric shapes, sizeable individual 2-particle 

amplitudes, etc. Part or the answer to this problem ~ have been given by 

Greiner13 ), who pointed out that in a wide variety or collective models the 

+ + ... even-everi yrast states (lowest-lying 0 , 2 , 4 , ••• ) have a strong rotational 

character, even though the other lower-spin states do not. It' an odd particle is 

coupled to these yrast states, it will, therefore, produce a particle-plus-rotor 

spectrum; and the odd-mass yrast states in this spectrum may not be much affected 
' 

by the states based rn all the non-yrast core states. Thus, the odd-mass yrast 

states will look 



like particle-plus-rotor states; whereas, the lower spin states may not. This expla-

nation could be true since one of the beautiful (limiting?) features of the (HI,xny) 

reactions is the high specificity for populating yrast states, thereby producing 

very little information about lover spin states. It will be of considerable 

interest to study these lower spin states, and also the states from lower-J 

orbitals where additional features may occur. 

3.2 The Light Odd-Mass Er Nuclei 

There are two reasons for discussing the light odd-mass Er nuclei. The 

first is that they show very clearly the transi.tion from a deformation-aligned 

region to a rotation-aligned region. The second is that they are involved in 

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

section. 
h2 

In fig. 7 the energy level spacings , in units of 2f , are shown for a 

decoupled band and for a strongly-coupled rotational band based on the i 1312 

orbital. The rotational spacings shown on the left are independent of n (except 

for 1/2); and also, ·the existence of possible lower band members is irrelevant to the 

present arguments. It is apparent that the decoupled band is very heavily 

compressed (by the Coriolis interactions), and a measure of this compression 
h2 

could serve as a measure of the extent of decoupling. If an average E2+ ( 6 25' ) 

is determined from the adjacent even-even nuclei, then the 17/2 - 13/2 spacing 

divided by this E~ 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-even 4 - 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 i 1312 orbital in the odd-mass 

Er isotopes. The decoupled-band 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 

spacing the observed ratio drops monotonically from 3.6 for 167Er ( B "' 0. 33) to 

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 decrease in the Fenni level with mass number toliard 

the Q = 1/2 state (the one-particle situation). The other important trend is with 

spin, I, and it is clear that the extent of decoupling increases with increasing 

I, as expected. Thus, the i 1312 bands in these Er nuclei show very clearly the 

transition to the rotation-aligned coupling scheme. Note that 157Er and l59Er 

have essentially pure decoupled bands even for the lowest spins. 
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4. Even-Even Nuclei 

An interesting new effect has recently been observed around I ~ 16 in 

the ground-state rotational band {yrast states) of some even-even rare-earth 

nuclei 14 ). It is called "backbending", and an illustration of what this means 

is given .in fig. 9. The main ·plot shows the yrast states of 162Er on an energy 

~· I plot, and although this looks rather ordinary, the slope has some distinct 

changes 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) ~· the square of the rotational frequency, 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 

dramatic one on the main plot but, on the other hand, liw {the transition energy) 

is directly measured so that the backbend is unmistakeable and quite likely 

indicative of some interesting phenomenon. 

A process that might cause backbending is illustrated in fig. 10. The 

ground-state band, labeled as the paired vacuum state I~) , is shown to be crossed 

by another band, the lower one of which in fig. 10 is labeled "decoupled". The 

band implied here is a two-quasiparticle one, whet:e the first quasiparticle has 

the maximum angular-momentum projection on the rotation axis, a= j = 13/2, and 

the second quasiparticle has the maximum remaining projection on that axis, 

a = j - 1. This is written in the usual second-quantization notation as 

ai312ai112 1~), where at is a creation operator for quasiparticles and the subscript 

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

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

\ 
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known to occur in the backbending region15 ). These include backbending in the 

ground band {and also in the B-band) and the various features 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 these properties 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 rotation-aligned band. 

Another possible explanation of backbending is that the pairing correlatio.ns 

in the nucleus m~ be rather suddenly quenched at high rotational frequencies 

due to the increasing Coriolis force. Such a model can be schematically represented 

by a crossing of the paired ground band by a band based on the unpaired vacuum 

state, I 0 ) , shown also in fig. 10. Such a collapse of pairing was predicted by 

Mottelson and Valatin16 ) to occur at about these spin values. This pairing 

c9llapse has recently been the subject of much study, and three recent review 

articles17- 19 ) discuss it. The next speaker, Prof. Z. Szymanski, will report on 

this subject. While other causes for backbending have been proposed, these two, 

rotation alignment and pairing coll~pse, have received the most attention; and at 

present no definitive experimental test has been proposed to distinguish between 

them. The remainder of this section will consi.st of an attempt to propose and 

apply such a test. 

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

i 1312 neutron on the backbending process. It has been shown in previous sections 
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that such bands occur in the light Er nuclei 1 and have energy spacings very 

similar to those of the adjacent even-even nuclei. These 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 backbending in a 

decoupled i 1312 band can be stated very simply. An odd particle reduces the 

pairing correlations due to blocking effects, and thus the pairing collapses at a 

lower rotational frequency. This statement can be illustrated in fig. 11. The 

solid lines show the even-even situation based on this model: the paired vacuum 

state intersecting the unpaired vacuum s~ate. The dashed lines show the odd-mass 

situation. t For the unpaired case, the one particle state, a
1312 

lo ) , and the 

even-even vacuum state, lo ) , coincide as shown, provided: · 1) the vacuum is 

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

2) the decoupled i 1312 state lies at the Fermi surface, and 3) the level density 

is reasonably 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, /).. 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 rotational frequency (slope). 
. 

An opposite change is expected in the rotation-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 state. 

Adding an odd particle to each of these states raises both of them by the energy, 

t:., 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 pair~d vacuum state as shown in fig. 12. However, the same decoupled 



;.,) ~; .! 
.. ·~ •.. , 

-15- LBL-1968 

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 i~ already occupying 

the a = 13/2 state. The most favorable states available to the broken pair 

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

t t . t I'Y > 
al3/2 all/2 a9/2 ° · The energy difference between the one- and three-quasi-

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

because {1) the a = 9/2 state is less favorable energetically than is the a = 13/2 

state, and {2) the additional angular momentum gained by breaking the pair 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 ef'fects is about 1 MeV, so that the intersection 

should come at higher spin and rotational frequency as shown in fig. 12. Note 

that if the odd particle were not in the i
1312 

orbital, there would be no pre

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

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 

were made to extend the data in the decoupled bands of 157 •159Er to higher spin 

values20 ). The backbending curves for 156Er and 158Er are shown in fig. 13, 

where the decoupled band in 157Er has also been plotted. If 157Er backbends, 

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

its even-even neighbors. The situation for 15·8 ,l59 •160Er is shown to be very 

similar in fig. 14, except that 159Er is not quite completely decoupled at the 

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-collapse explanation. 



-16- LBL-1968 

A more sensitive way to present these same data is shown in ~ig. 15. 

Here we have plotted the ratio o~ 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 o~ about 1.1. As the even-even backbend occurs, however, (I= 14) 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 uncertainty in this test arises ~rom the possibility 

that an entirelY un~oreseen e~~ect is causing the odd-mass bands not to backbend. 

This can be checked by looking at the h
1112 

decoupled bands in 157Ho and 159Ho. 

Since the rotation-alignment picture describes the ·crossing band as composed 

mainly o~ i
1312 

neutrons, the blocking o~ a proton orbital should have much less, 

i~ any, e~~ect on the backbending. Thus, the decoupled bands in 157 •159Ho should 

21 backbend like the even-even nuclei, and preliminary data ) indicates that they 

do. I~ this proves to be the case, it wil~ not only con~irm the present test, 

but also provide a means to analyze which configurations are important in the 
\. 

band intersecting the ground band. This could be use~ul in the Os region, ~or 
• 

example, where it is not clear, even i~ the rotation-alignment picture is correct, 

whether i 1312 neutrons or ~/2 protons are mainly responsible ~or the backbending. 

., 
I 

~ I 

i 
J. 
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5. Conclusion 

In a number of odd-mass nuclei evidence has been presented showing that 

the particle-plus-rotor model gives a reasonable description of the yrast states 

. in the range IBI ~ 0.1. This is a considerable extension, 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 general, tend to have the odd-particle angular momentum, j, aligned with that 

of the rotating core. This suggests a coupling scheme where a, the projection 

of j on the rotation axis, is a good quantum number. Such a rotation-aligned 

coupling scheme has been discussed and describes rather well the yrast 

states in many odd-mass nuclei. This coupling scheme could be expected to apply to 

lower spin states under certain (rather common) conditions, and it is at present 

a challenge to find the proper experiments to test this. 

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 just the intersection of the ground band with such a rotation-

aligned two-quasiparticle state composed of i 1312 neutrons. 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 (above) and the rotation-aligned coupling . scheme (below) • The tw:o 

types of wave function are also indicated. 

Fig. 2. The results of diagonalizing eq. (6) for the h
1112 

orbital at various 

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

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 units of E2+. 

Fig. 3. A portion of the Nilsson diagram for protons, where only the h1112 

and ~/2 orbitals have been fully drawn. 

Fig. 4. A comparison of the negative parity bands in the o.dd-mass La isotopes 

with the ground band in the 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. 

Fig. 5. Energy levels in 135ce and 137Nd. 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 transit1ons in the 9/2 bands 

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

Fig. 7. Level spacings, in units of h2/2':s' , for an i 1312 particle-in a normal 

rotational band (left) and in a decoupled band (right). 

Fig. 8. The ratio of i\E(I + 2 -+ I) in an odd-mass nucleus divided by :the 

average of the corresponding transition energies in the adjacent even-even 

nuclei· i\E(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 1312 

band. 

- ! 
I 
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Fig. 9. ·. 162 A plot of energy .!!. . I for the ground-band rotational levels in Er. 

The insert shows the same data in the type of plot generally used to show 

backbending behavior. 

Fig. 10. An energy .!!.· I plot showing the paired ground-band in an even-even 

nucleus, 1'5) , intersecting either the "decoupled" two-quasiparticle band 

or a band based on the unpaired vacuum state I 0 ) • This last state refers 

to the same nucleus (particle number), but no pairing correlations (sharp 

Fermi surface). 

Fig. 11. This plot shows the intersection points, based on the pairing-collapse 

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 i
1312 

odd 

particle (dashed lines). Note that the subscript on the creation operators (at 

or at) refers to the rotation-alignment quantum number, a. 

Fig. 12. This plot shows the intersection points, based on the rotation-alignment 

model, of the ground band with the broken-pair excited band in: 1) an even-even 

nucleus (solid lines) and 2) an odd-mass nucleus with a decoupled i 1312 odd 

particle (dashed lines). The subscripts on the quasiparticle creation operators 

(c/) refer to the rotation-alignment quantum number, a. 

Fig. 13. Conventional backbending plot-s for 156 •158Er, _and for the decoupled 

band in 157Er. We have used: 2tr/h2 = (4!' - 2)/(E1 - E1_2 ) and 

hw = (EI - E1_2)/2, where I' = I for the even-even nuclei and I' = I - j 

for the decoupled band in the odd-mass nucleus. 

. 158 160 Fig. 14. Convent1onal backbending plots for ' Er and for the decoupled 

band in 159Er. See caption to fig. 13. 

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

even-even energy.!!.· I for 157 •159Er. The even-even value used is the average 

of the two adjac~nt nuclei. 
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