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The negative parity levels of odd-even nuclei with protons and neutrons in the 1f7/2 shell are calculated
using the strong-coupling symmetric-rotator model including the Coriolis coupling between bands. The
single-particle energy levels and wave functions in the deformed well are computed for a spin-orbit strength
C= —0.26&0 which is consistent with the observed splitting in Ca4'. The well-Battening parameter D is
taken to be —0.06Aco0 in the middle of the 1f7/2 shell and —0.035Aoro otherwise. The band-head energies are
calculated from the appropriate summation over the occupied single-particle energy levels using Aero

——41/A'"
MeV for the energy of the oscillator quantum. The moment of inertia is taken from the excitation energy of
the first excited 2+ state of neighboring even-even nuclei assuming a rotational character for this state. The
same value is used for all bands in any given nucleus. The matrix elements of the Coriolis coupling are com-
puted from the single-particle wave functions. The final excitation spectra are obtained by diagonalizing the
Coriolis coupling term with the rotational wave function based on the ten available particle or core excited
states in the 1f-2p shell. Energy levels and wave functions are calculated as a function of the deformation
parameter P; the level spectrum for each individual nucleus is given for a tentative choice of P. The effect of a
quenching of the Coriolis interaction on the calculated level spectrum is investigated. The computed level
spectra for the nuclei (i) Sc», Sc4', Sc4r, (ii) Ca», Ti4', V4', V4', V", (iii) Ca4', Ti4', Cr4', Mn», Mnls, and
(iv) Ti49, Cr5& compare favorably with experiment. The model predicts the correct ground-state spin for all
nuclei, including the anomalous cases of Ti', Cr'9, and Mn" which have a —, ground state. Thus the observed

{and occasionally -,') ground-state configuration cannot be adduced as evidence supporting the validity
of the spherical-shell model in the 1f7/g shell. The positions of negative parity states with known spin—
especially the low-lying ~~ states —are well accounted for in this model, in contrast with dif5culties en-
countered in the shell-model treatment. In particular, the model reproduces the observed ground-stage
triplets in V' and in V'9 and the low-lying $ state in Cr". Further, this model predicts the correct number
of levels below about 2.5-MeV excitation energy for nuclei in the upper half of the 1f7/~ shell. For nuclei in
the lower half of the 1f7/2 shell, more levels are observed than predicted, which suggests the presence of
positive parity states arising from core excitation of the 2s-id shell. The natural classification of the 1f7/2
nuclei in this model according to their odd-nucleon count is borne out by the similarity of the observed
spectra. The natural shell-model classification scheme in terms of the conjugate and equivalent pairs, on
the other hand, does not seem to be supported by the experimental data.

I. INTRODUCTION
'

q XTENSIVE calculations of the low-lying levels of
~ nuclei in the 1fris region of the periodic table are

available in terms of the spherical-shell model including
residual interaction between nucleons outside the
doubly closed shell of Ca~.' "These investigations are
based on two di6erent approaches. In one, the residual
interaction between the nucleons outside the closed
shell is assumed as a perturbation; the two-body matrix
elements are then evaluated and the level spectrum is
obtained by diagonalization using the strengths of the
two-body potentials as free parameters. ' ' ' In the
other, all the matrix elements of the residual interaction
are treated as parameters and are obtained by fitting
the observed spectra of the 1fris-shell nuclei' —particu-
larly of the Ca isotopes. ' Apart from a few excep-
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tions, ' in either case the nucleons outside the closed
shell are restricted usually to states of the (1fris)"
configuration. (Henceforth denoted as the shell model
with the 1fr/s configuration mixture. )

The experimental information on the properties of
the odd nuclei in this region of the nuclear chart is, on
the other hand, relatively sparse. In general, with a few
exceptions such as V" the ground-state spin and the
approximate level scheme are the only available data.
Despite this, the predictions of the extensive computa-
tions within the framework of the above-mentioned
spherical-shell model show in a number of cases signifi-
cant discrepancies with the observed level spectra, as
noted below.

The above-mentioned shell model predicts that the
cross-conjugate pairs, i.e., the pair (Z= 20+a,
N=20+b) and (Z=28 —b, X=28—a), and the equiva-
lent pairs (i.e., the nuclei having the same number of
particles or holes) should possess roughly the same
excitation spectra. On this basis the group Ca~, Ca",
V", Mn" should exhibit about the same level pattern,
as they do only to a first approximation. Other cross-
conjugate pairs in the 1fzis shell are (Cr", Sc"),
(Ti", V"), (Ti", Mn"), (Sc'", Ti"), and (V", Cr").
Although experimental information is by no means
complete there are differences between the spectra of
the cross-conjugate and equivalent pairs; e.g., the
919
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excitation energy of the first ~ state in Ti and V" is
almost twice as high as in Sc4~ and Ca4', respectively.
Other discrepancies are found in the spectra of the pairs
(Ti", V") and (V'", Cr"), where one of the members
shows a ground-state doublet as opposed to a triplet in
the other member.

Many of the spectra of these pairs are not in accord
with the theoretical shell-model calculations, e.g., (i)
Sc" and Sc~ exhibit at least ten and five states, respec-
tively, below the first computed level. It is improbable
that all these extra levels have positive parity which
eludes a 1fzzs-shell-model-configuration treatment. (ii)
The first excited state in Cr" at 0.78-MeV excitation
energy is observed to have the assignment ~3, whereas
the first excited state predicted by the shell model is
an 11/2 state at 1.5 MeV. (iii) Near their ground state
V4~ and V" both exhibit a characteristic triplet which
remains unexplained within the framework of the shell-

model computation with the 1fzzs configuration. '
Extension of the shell model to include the e6ect of

2pszs (and 1gszs for the positive parity states) configura-

tions on the level scheme of the Ca isotopes' " still
does not entirely solve the problem —the computed
level density of Ca ' between 1 and 2 MeV excitation
energy is twice the observed one. ' Although it remains

possible that a careful mixture of different configura-
tions may explain any one or more of these gross
discrepancies, it is equally legitimate to search for an
alternative approach to this problem —particularly in

view of the extensive computational techniques and
the large numbers of parameters involved in mixing

such configurations within the framework of the
spherical-shell model. Such a search becomes particu-
larly imperative in view of the consistent enhancement

by an order of magnitude of the electric quadrupole
transition rates in the entire 1fzzs shell. " "Historically,
for heavy nuclei this suggested" "a collective participa-
tion of a deformed core in determining the level spec-

trum and transition rates; however, for nuclei in the
1fzzs shell the typical band structure or band spacing is

not observed. The usual approach to attribute the
ground-state spin to the lowest state of a band based

on the Nilsson level occupied by the last odd nucleon

at a first glance predicts ground-state spins which are

in contradiction with the observed ~ or —,
' spin of the

ground states of the odd nuclei in this region of the
nuclear chart.

In general, however, the Coriolis coupling would be

expected to mix diferent bands in a deformed-core
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model for odd-even nuclei. "The coupling strength of
this perturbation is inversely proportional to the
moment of inertia of the system, which is in turn
roughly proportional to A'~'. Thus the coupling strength
of this perturbation, which is of the order of 10 keV for
the heavy elements, e.g., the uranium isotopes, is
expected to increase by at least a factor of 10 in the
light nuclei. This large increase in the Coriolis coupling
introduces a very strong mixing of bands which may in
some cases destroy the original band structure entirely
since the spacing of the single-pa, rticle Nilsson levels
becomes of the same order of magnitude as the rota-
tional energies. Moreover, the state of the lowest pre-
dicted energy need no longer correspond to the orbit
occupied by the last odd nucleon.

With this view in mind, the strong-coupling model of
Bohr and Mottelson" was applied to V" (Ref. 18).The
large strength of the indicated Coriolis coupling
warranted a proper diagonalization of the Coriolis
interaction between ten available bands in the 1f2p-
major shell. The theory predicted (i) the correct ground-
state spin, (ii) a reasonable level spectrum, and (iii) the
experimental transition rates and static moments
without requiring the introduction of effective charges.

In this paper we apply the Coriolis coupling model to
all odd-even nuclei in the 1fzzs shell. We restrict
considerations to the level spectra and investigate the
success of the model in predicting the following quali-
tative features of the spectra of these nuclei:

(a) The ground-state spin. The elementary single-

particle shell modeirs " of Mayer, Jensen, Suess,
Feenberg, Hammack, Haxel, and Nordheim predicts a
-', spin for the ground state, as it is observed for all odd
nuclei except Ti4~, Cr", and Mn", which have a —',

ground-state spin. This ~ ground-state spin can be
reproduced urider certain conditions in the shell model
involving a careful configuration mixture with an

appropriate residual interaction. The Nilsson model,
without the Coriolis coupling, cannot account for the
ground-state spin.

(b) The observed triplet near the ground state of V"
and V4'. This has -not yet been successfully understood
in terms of the shell model.

(c) The presence of the low-lying ss states, e.g., in
V" and Cr". In the shell-model computation of
McCullen, Bayman, and Zamick' the observed low-

lying ~3 state is not always well reproduced.

(d) The gap of 1.4 MeV between the ground and the
first excited state in Ti49. This can be understood in
terms of the (1fzzs) shell mo-del.
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The present incomplete experimental information on
the level structure of odd nuclei does not yet warrant a
detailed analysis as has been done for V". The p1imary
aim of the present paper is to examine to what extent
the Coriolis coupling model shows promise in reproduc-
ing the qualitative features of the level structure ob-
scrvcd so fRI' Rnd make prcdlctlons coQccI'Q1Qg thc
properties of the odd nuclei in the 1f7~~ shell in this
model.

where the erst three terms describe the core rotation
and JI„represent the single-particle motion with respect
to the core in the body-6xed coordinates. g„g„,and g,
and E„R„,and E, are, respectively, the Cartesian
components of the moment of inertia, and the angular
momentum R in this coordinate system. For a deforma-
tion symmetric relative to the s axis g, =g„=g and the
Hamiltonian may be expressed in terms of the total
angular momentum I

where

H= (h'/2g)LI'+ j'—2(I j)]+H„,

I= R+j
and j is the intrinsic nucleon angular-momentum
operator.

The Coriolis coupling term (I j) couples the intrinsic
motion of the last odd particle with core rotation. The
first-order estimate of the mixing of two rotational
bands due to the Coriolis interaction was studied by
Kerman' 1n %'

The intrinsic motion is described by the Nilsson"-
model Hamiltonian

H~= —(6'/2y) 5+-',p ((a,'x'+o), 'y'+co, 's')
+Cl s+Dl.l, (3)

where p is the reduced mass of the last nucleon; C is the
strength of the average spin-orbit splitting and D serves
to depress the higher angular-momentum states. The
anisotropy is assumed to have rotational symmetry
about the s axis; hence the x and y oscillator frequencies
equal cv„co, is the oscillator frequency in the s direction.
Because of this anisotropy, the projection 0 of the
angular momentum j on the axis of the symmetry —and
not j itself—is a good quantum number.

@S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. Fys.
Medd. 29, No. 16 (1955).

II. THE MODEL

The basis underlying the present treatment is the
strong-coupling model as suggested by Bohr and
Mottclson. IQ the model all but the last odd nucleon
are incorporated in the deformed core. This deformed
core has angular momentum R and the total Hamil-
tonian is given by

h2 k2 A2

R,2+ R„'+ R,'+H~,
2g, 2g„2g,

The eigenvectors of H„may be expanded in terms of
the orthonormal basis of the isotropic harmonic-
oscillator wave functions

~ jQ),

(4)

and for the negative projection correspondingly,

X-a.=Z (—1)' '"~ o.l j—fl) (5)

The extra index I has been introduced to distinguish
between di6erent Nilsson levels in the same oscillator
shell with the same projection quantum number Q.

The expansion coefFicients c;,I1,„and the eigenvalues
E&,„are obtained by diagonalizing the single-particle
Hamlltonian.

Assuming that the Nilsson single-particle energies
are derived from the basic two-nucleon potential, the
total energy of the system is not the sum of the single-
particle energies but rather is given by the following
Cxpl CSS1OQ:

E=g. -'(1+@/2M)E ,o—(g/4M)(C1 s+Dl I), (6)

vvhere EII,„ is the Nilsson energy of the individual
nucleons and M is the nucleonic mass; the summation
runs over all occupied levels.

Single-particle states have been constructed by
placing the last unpaired nucleon in any of the un-
occupied levels; similarly hole states or core-excited
states have been generated by lifting a core particle and
pairing it with the odd nucleon. Under the assumption
that the pairing energy within the same oscillator shell
does not depend on the occupied Nilsson level, the
energy of the hole states and their eigenfunctions are
also obtained from (6) and (4), respectively. (Other
types of hole states obtained by lifting a core particle
to any state other than that occupied by the odd
nucleon or by lifting more than one core particle are
not considered herein. )

The eigenfunction of the operator (h'/2g)12 are the
normalized D functions. In the absence of the Coriolis
coupling I j, the total wave function C is a properly
symmetrized product of the D function, the single-
particle function Xo,, and the wave function of the
CO1C @g

2I+1 '"
~ (I~R) = LD~z (~)Xo,.

16x2

+(—1)' '"Dv Jr'(8)& O, ,gy„(7)
where E is equal to 0 for a symmetric rotator.

4 is not an adequate wave function when the Coriolis
interaction is included in the model Hamiltonian;
however, we may use 4 as a suitable basis and expand
the total wave function + in terms of C.

21+1 1/2

e(I,M) = Z Z ~x, ,LD~x'(&)&o„
X 0

+ (—1)'-'"D (8)x,„)y„(8)
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Fxo. 1.Single-particle energy eigen-
values in the if-2p shell as a function
of the deformation parameter p in the
unit of Acro for a spin-orbit strength
C= —0.26~0 and a vreO-Qattening
parameter D= —0.0354yo. The num-
ber adjacent to the levels on the left
denotes the Nilsson particle levels in
the deformed potential. These levels
are further identified in the limit of
zero deformation by the spherical-
shell-model notation and at the non-
zero deformation by the projection 0
of the angular momentum on the axis
of symmetry and their parity.
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~here the summation extends in our convention from
the allowed positive to the negative values of E in steps
of two. The coeKcients C~,„are determined by the
Jacobi diagonalization procedure. In this representation
the Coriolis coupling connects states

~
hK~ =+1 and.

2K=0 for K= ~~ bands. The diagonal and oR-diagonal
matrix elements are given by the following expressions:

(IMK'v
i H(D) I IMKv)

= (5'/2g) )I(I+1)—K' —Q'j (9)

(IMKvg i H(OD) i
IM—(K&1)v2)

=—(k'/2g) (L(IWK) (IWK+1)]'"
XQ &,o, ,&.,—&oyn, . (—1) 'L(j+Q)(j+Q+1)]' '

+Z;, .„;;..„.J(J+1)}, (10)

where H(D) and H(OD) are, respectively, the diagonal
and the off-diagonal part of the model Hamiltonian (1)
with respect to the chosen basis (8).

The matrix elements (9) and (10) are written under

the specific assumptions that the moment of inertia is

a scalar and the core wave function does not depend on
the quantum state of the odd nucleon. This is only
reasonable for a rigid core. In practice the moment of
inertia divers appreciably from that of a rigid rotator;
thus the core wave function is not expected to be com-

pletely independent of the total and the intrinsic spins.
This dependence of the core wave function on the
particle state X~,„of the odd nucleon stems from the
residual interaction between the core and the particle
outside the core. The net eRect of this implicit depend-
ence of the core wave function is that the core overlap
integral Q, (I,Q, v), p, (I, ',Q)jvmay deviate from its
assumed value of unity for the oR-diagonal matrix
elements. To the 6rst order such an eRect can be
accounted for by multiplying the o6-diagonal matrix
elements (10) with the core overlap integral which is
one for the ideal case of a rigid rotator but may be less
than one in reality.

If the Coriolis coupling is strong in comparison with
the single-particle energy spacing, the ground-state
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spin is not known a priori H. owever, the ground-state
spin by definition is that associated with the lowest
eigenvalue obtained after the diagonalization. The
complete level spectrum and the associated spins are
given by the magnitude and the spin of the successive
eigeovalues.

III. DETAILS OF THE CALCULATION

28Fe

24Cr

22Ti

2 1SC
0.Z/5

1.41

o. /50 O.Z$7

O. /M 0.79 O. /85 1.434

0/50 0./50 0,247

0./50 0./85

0./56 0.887 O./56 0.99 0Z/3 l.58

In this calculation the usual value of A~0 ——41/2'"
MeV has been chosen for the energy of the oscillator
quantum and 8=1.2A'". F has been taken for the
nuclear r'adius. The observed spin-orbit splitting be-
tween the 1fz~2 and 1f&~2 levels in Ca" yields C= —0.26
A~0 as the strength of the spin-orbit interaction. The
well Qattening parameter D can not be determined
empirically for most nuclei due to the lack of sufhcient
experimental information. For nuclei with five neutrons
or protons in the 1fzt2 shell this parameter is chosen to
be —0.06@so from the position of the t = 1 states in Ti".
For other nuclei we have taken the smallest absolute
value of D= —0.035kuo which preserves the shell-
model-level ordering at zero deformation. The present
experimental data do not warrant a proper search for
the actual value of D. The computed single-particle
energy levels for the latter choice of D are plotted in
Fig. 1 as a function of the deformation P.

The rotational constant A=A'/2g is usually taken
from the mean of the observed energies of the first 2+
state in the adjacent even-even nuclei assuming a
rotational character for these levels. In some cases the
constant A is obtained by extrapolation using Fig. 2.
For each nucleus only one rotational constant is used for
all bands and for the strength of the Coriolis coepling in
that duct'eus. It may be mentioned that the rotational
constants given in Fig. 2 correspond to moments of
inertia between 20% and 50% of the rigid-body value.

The lowest single-particle intrinsic state is con-
structed by filling the lowest available Nilsson levels.
The excited particle states are obtained by lifting the
last odd nucleon to all unfilled levels in the 1f 2p shell;-
the core excited states are generated by lifting a nucleon
from a single-particle state in the 1f 2p shell below-the
occupied level of the last odd nucleon and then pairing
it off with this last nucleon, e.g., in Ti", and for positive
deformation, three core-excited states may be con-
structed by lifting a nucleon from one of the Nilsson
levels 12, 13, or 14 and pairing it off with the nucleon
in level 10 (Fig. 1). The single-particle energies and
wave functions depend implicitly on the deformation
and are specified by the deformation parameter P, which
is essentially the only free parameter entering into the
present model calculation. The band-head energies are
computed from expression (6). In this computation no
adjustment of the band head energies has been-allowed.

In the band-mixing problem for each nucleus all
bands based on the ten available single-particle and
core-excited levels in the 1f 2p shell have been-included.
These are the only bands in the 1f 2p shell that are-

2OCO
1.52 O. ZZS 1.159 0./90

22 23 24 25 26 27 28

FIG. 2. Observed excitation energies in MeV of the 6rst 2+ states
of the even-even nuclei in the 1fz/2 shell (normal-type numerals)
and the rotational constant used in the computation of the level
spectrum (italic numerals) for nuclei with the mass number
between 42 and 54. E' indicates the neutron number.

coupled to the band based on the lowest possible
intrinsic state by the Coriolis coupling. All matri
elements of the Coriolis coupling are competed from ex
pressions (9) and (IO) using our single particle -wave

functions and are determined completely by the choice
of the deformation.

If the residual interaction is neglected completely,
there is no overlap between the bands based on the
particle-excited and on the core-excited states and the
core overlap integral is unity otherwise. However,
application of this model to the odd nuclei in the 2s-1d
shell, where rotational structure is evident in the ob-
served spectra of many odd nuclei, indicates that the
core overlap integral is indeed less than one for many
nuclei (Ref, 22). In the 2s 1d shell th-is deviation of the
core overlap integral from one is generally more
pronounced for nuclei in the mass region half-way
between 0" and Si". %e have therefore made a pre-
liminary study of this effect for the nuclei with five
protons or neutrons in the 1fzts shell and taken the
core-overlap integral to be 0.75. In addition a small
overlap of 0.25 between bands based on the particle-
excited states and bands based on the core-excited
states has been introduced; this however has very little
inQuence on the spectra because the Coriolis interaction
does not connect bands with

~
AE~ =&2. This yields a

considerably improved agreement between the com-
puted and the observed spectra for these nuclei in the
1fz/2 shell. For other nuclei in the 1fz~2 shell the varia-
tion introduced in the excitation spectra by choosing a
core overlap integral different from one can also be
obtained equivalently by changing the deformation and
keeping the core overlap integral to be unity; conse-
quently for all these nuclei the core overlap has been
taken to be one.

The final spectra have been. obtained by diagonalizing
the Coriolis interaction with the rotational wave
functions based on all ten available particle- and core-
excited states. The magnitudes and the spins of the
successive eigenvalues determined the spectrum.

» g7. Scholz and F. B. Malik (to be published).
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FIG. 3. The squared amplitudes
I Cx, „'of the components of

different bands into the ground states o the odd nuclei in the
1fvr shell. The ground-state wave function is normalized to unity.
The ground-state spin and the values of the deformation p used
for each nucleus are shown below each column. The band marked
others includes the sum of the squared amplitudes of six bands
based on the Nilsson levels originating from the 2P3g2, the 1f5~2,
and the 2p~~2 subshells.

IV. RESULTS AND DISCUSSION

We have computed the low-lying spectra of Ca4', Ca4',
Sc", Sc ', Sc, Ti ', Ti4, Ti', V4, V ', V", Cr, Cr"

Mn", and Mn". In a broad sense these nuclei may be
classified in four groups of equivalent nuclei on the
basis of the .odd nucleon count above the 2s-id shell.
This classification is motivated by the fact that all
members of a particular group would have exhibited
exactly the same spectrum in this model, had they
possessed the same moment of inertia and the same
deformation. This expected. similarity among members
of the same group is clearly evident in most of the
observed spectra, although in fact the moment of
inertia and the deformation are not the same for every
member of the same group. As a result we observe some
di6erences. In this classification Sc~, Sc",and Sc4~ form
Group I with only one proton outside the proton closed
shell. Group II consists of Ca~, Ti45, V4~, V49, and V".
Group III and Group IV contain, respectively, Ca4',
Ti', Cr", Mn", Mn" and Ti", Cr". In the Nilsson
model without the band mixing one expects, for prolate
deformation, ground-state spins of ~, 2, ~, and ~ for
nuclei in Groups I, II, III, and IV, respectively. For
oblate deformation the spin sequence is reversed. How-
ever, the strong Coriolis coupling mixes bands consider-
ably, as can be seen from the squared-band amplitudes

I Crc, „I' of the different bands in the ground-state wave
functions (Fig. 3), and in consequence of this mixing
the model predicts the experimentally observed ground-
state spin in all cases. The occurrence of a low-lying

state in the decoupled K=~~ band based on the
Nilsson level 14 together with the strong Coriolis

coupling is responsible for the predicted ~7 ground-state
spin for most nuclei in this shell. However, for a suK-
ciently large deformation a —', ground-state spin can be
obtained for nuclei in Groups II and III which have a
low-lying E=—, band.
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FIG. 4. The effect of
the Coriolis coupling on
the spectrum of $c47.
The ten columns to the
right show the unper-
turbed bands based on.
the ten available single-
particle states in the
1f 2p shell. The-band
head energies are com-
puted from Kq. (6).The
column marked "THY"
is the anal spectrum
obtained after diagonali-
zation of the Coriolis
coupling term. To the
left is the experimental
spectrum. The scale is
in MeV.

(7/2 ) 7/2

EXPT THY K-1/2 K-3/2 K s/2 K-r/2 K-1/2 K 3/2 K-1/2 K-3/2 K-s/2 K-1/2

g 4T



150 LEVEL SPECTRA OF ODD —EVEN 1f7/g SHELL NUCLEI 925

MeV

3/25/2

7/2

11/2

5~2?/2
3/2

15/2
15/2

3/2
3/2

1/2

3/2

9/2

3/2
0/2

Fro. S. The dependence of the
computed spectrum of Sc4' on the
deformation P. Similar dependence
holds also for Sc4' and Sc47 which
have nearly the same 'rotational
constant. ~~ remains the ground-
state spin for a wide range of the
deformation.

a/2

11/2

52
11/2

9/2
a/2

3/2

11/2-S/2
7/2

1/2

a/2

7/2

0/2

1/2
5/2

11/2
5j/2

11/ 2

5/2

1/2

11/2

3/2

3&2

3/2

0—
a-

7/2 7/2 7/2 ?/2

-0.4 —Q.3 -0.2 —Q.1 0.1 0.2 0.3 QA

7/2 7/2 7/2 +7/2

g
45

An example of the band structure before and after
the diagonalization is carried out in Fig. 4 for the case
of Sc4~. Band-head energies, diagonal and off-diagonal
matrix elements are computed for P=0.14 using
expressions (6), (9), and (10).The two leftmost columns
represent the experimental and the computed spectrum
after the band mixing. The strong Coriolis coupling

completely obscures any residual band structure in the
6nal spectrum and prevents any empirical adjustment
of band-head energies as is usually done in the level 6ts
vrith the Nilsson model to nuclei in the 2s-1d shell and
to heavy nuclei. On the other hand, this strong Coriolis
coupling makes the final spectrum relatively insensitive
to slight changes ( 200 keV) of the band-head energies.

HcV
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7/2

FxG. 6. The experimental
(EXPT) and the theoretical
(THY) spectra of nuclei in
Group I. The deformation P is
0.18, 0.20, and 0.14 for Sc~,
Sc4', and Sc47, respectively.
Since the spin of none of the
excited negative-parity states
in Sc~ and Sc4' is known, their
theoretical spectra must be
read in conjunction with
Fig. S which provides the
approximate dependence of
their respective spectrum on
the deformation.
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range of deformation.
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The present experimental data do not permit a con-
clusive statement concerning the sign of the deformation
for many of the nuclei in the 1fvls shell because in some
eases the observed level scheme is reproduced equally
well for both negative and positive deformations.

In the following section the level spectra below about
2.5-MeV excitation energy will be consid. ered for nudei
in each group separately. At higher excitation energies
states arising from multipartide excitations are likely
to occur. Such states are beyond the scope of the
present treatment which is basically an extreme single-
particle model.

A. Nuclei of Gxouy I:Sc~, Sc~, Sc~'

This group is characterized by a single odd proton
above the dosed 2s-1d shell. The change in the level
spectrum for this group with deformation is illustrated.
in Fig. 5 using Sc" as an example. The levels of Sc4'

and Sc4' move in very much the same way with de-
formation, the only difference being in the rotational
constants which are 215, 150, and 185 keV for Sc4', Sc",
and Sc'7, respectively. For a wide range of deformation
a -,'ground-state spin is predicted. Only in the case of
Sc4~ are enough experimental data known'~29 to fix the

~ XNclear Dctu Sheets, compiled by K. Way et ul. (Printing and
Publishing Ofmjice, National Academy of Sciences-National Re-
search Council, Washington 25, D. C.).

~4 P. C. Simms, N. Benczer-Koller, and C. S. %u, Phys. Rev.
u1, 1169 (1961).

's J. L. Yntema and G. R. Satchler& Phys; Rev. 154, 1i9N
(1964).IJ.L. Yntema and J.R. Erskine, Phys. Letters 12, 26 (1964).

~~ J. H. Sjerregaard, P. F. Dahl, O. Hansen, and G. Sidenius,
Qucl. Phys. . 51, 641 (1964).

sign and the value of the deformation. Figure 6 shows
the computed level schemes for Sc4', Sc", and Sc47

together with the experimental information. '~'0 The
theoretical spectra for Sc"and Sc"should be considered
as tentative and a final choice of P must await the spin
and parity assignment to some of the observed levels.
In particular, the possibility that many of the low-lying
states may be of positive parity, and therefore outside
the scope of this model, presents a major difhculty in
choosing the appropriate deformation. In fact, the 6rst
excited state for the three scandium isotopes is 2+
(Refs. 25, 26, 29); the presence of low-lying positive
parity states, originating from hole states in the 2s-1d
shell, is not surprising for our choice of the spin-orbit
splitting which results in a very small energy gap
between the 2s-1d and the 1fr~s shell.

The Coriolis coupling model reprod. uces the locations
of ~~, +~, and ~5 states in Sc'~ rather well, alid five of
the eleven states observed below 2 MeV in excitation
energy can be accounted for. The situation in Sc ' and
Se~ is similar. It is worth mentioning, that four
negative-parity states are predicted. in this model for
all Sc isotopes below the first excited state given by the
shell model at about 1.5 MeV. 6

3. Nuclei of Gxouy 11:Ca~, Ti~, V4', 74', 7"
This group is characterized by having three particles

of the odd. species above the closed 2s-1d shell. A"H. S. Plendl, L. J. DePelice, and R. K. Sheline, Nucl. Phys.
75, 151 (1965).

~ R. E. Holland, F. I. Lynch, and K. E. Nysten, Phys. Rev.
Letters 15, 241 (1964)."N. O. Lassen and C. Larsen, Nucl. Phys. 42, 183 (1.963).



LEVEL SPECTRA OF ODD —EVEN 1fv(2 —SHELL NUCLEI 927

iKcV

3/2
5/2

=(3/2,1/2)-
2 — —1/2+

7/2 7/2 1/2

3/2

7/2

11/2
3/2+

—
O/2

3/2

5/2
9/2
11/2

~5/2 (11/2 ) 11/2
0/2

5/2+ 3/2 3/2
5/2

3/2

5/2

7/2

3/2—5/2

7/2

I.
3/2+

(7/2 )
5&23/2

7/2

(3/2)
(5/2)
7/2

3~2

7/2 7/2 7/2

EXPT

i3

THY EXPT THY EXPT THY EXPT

y51

THY

Fio. 8. The experimentai (EXPT) and the theoretical (THY) excitation spectra of odd nuclei in Group II. The spectrum of V4r is
not shown because it is similar to that of V' . The deformation is chosen as —0.36, —0.41, —0.39, and —0.30 for Ca~, Ti'5, V'9, and
V~', respectively.

previous application of the Coriolis coupling model to
V" (Ref. 18) is in remarkable agreement with the
observed data on the level spectrum, static moments,
and transition rates and favors an oblate deformation
for V

This group shows rather clearly the increase of the
moment of inertia in moving towards the middle of the
1fr/s shell. This is indicated by the values of the
rotational constant (derived from the first excited 2+

state in neighboring even-even nuclei) which are 223,
156, 150, and 247 keV for Ca~, Ti4', (Vs", V4'), and Vn,
respectively. It is noteworthy that the rotational
constants obtained in this way are rather large for
nuclei with a closed proton or neutron shell like Ca"
or V".

Figure 7 shows the computed level positions as a
function of the deformation for V47. Exactly the same
behavior of the levels holds also for U4' which has the
same rotational constant. For a considerable range of
the deformation the ground-state spin remains —,'.

Around P= —0.4 an interesting crossover takes place
for the single-particle energy levels obtained from ex-
pression (6) corresponding to Nilsson levels 12 and 13
(Fig. 1).After the crossover the E= ss band is based on
an excited single-particle state rather than being the
lowest particle state and therefore in our model is no
longer coupled by the Coriolis interaction to the E=-,'
core-excited band based on Nilsson level 10. The e8ect
on the 6nal spectrum associated with this crossover can
be seen from the spectra given in Fig. 8 for V" (before
the crossover) and Ti" (after the crossover). In practice
the residual interaction between the nucleons may well

introduce some overlap between the two bands men-
tioned above, particularly near the crossing point. In
this case the actual spectrum is expected to lie between
the two extremes as shown in Fig. 8.

For both positive and negative deformations the
model reproduces the characteristic -,', —', , ~ triplet
near the ground state, followed by a gap in the level
spectrum as observed in V4' (Refs. 23, 31—33). This
ambiguity in the sign of the deformation results from
the relative insensitivity of the final spectrum to slight
changes in band-head energies, mentioned above, and
applies to all nuclei in this group. The shell-model
calculation with the 1fvis configuration can not account
for this triplet.

The observed level spectrum of V4r (Refs. 23, 31, 32)
is similar to that of V4' except that two states in the
energy region around 1 MeV in U' appear to have
moved down in excitation. It is interesting to note that
the model predicts two states less than observed in that
energy region for V'". In view of the fact that Cal, with
three neutrons outside the closed 2s-1d shell, has two
positive parity states below 1.5-MeV excitation energy,
it would be of particular interest to determine the parity
of the low-lying states in V4' and. V" which have three
protons outside the closed shell. There is some evidence"
from the P decay of V" to Ti'r that the ground state of
V4' is the —', member of the predicted triplet. The shell

"G. Brown and A. MacGregor, Nucl. Phys. 77, 385 (1966)."R. H. Nussbaum, A. H. Napstra, G. J. Nijgh, L. Th. M.
ornstein, and N. F. Verster, Physica 20, 165 {1954).

38 G. J. McCallum, A. T. G. Ferguson, and G. S. Mani, Nucl.
Phys. 17, 116 (1960).
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Fxo. 9. The dependence of
the final spectrum of Ti47 on
the deformation. For reason-
able prolate shape the ground-
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about the same rotational
constant.
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mo«1 with 1f712 configuration mixture" predicts only
one excited level below 1-MeV excitation energy in V4~.

Experimental information on the levels of Ca~ is
available:from the P decay of K»' and of Sc4' (Ref. 23),
and from the Ca4'(d, p)Ca4' and the Ca4'(dd')Ca4' re-
actions. '4" The Coriolis coupling model reproduces the
ground and the known negative parity states at 0.37
and 0.59 McV. Thc 2.05 McV state ls known to bc g

or -', from an analysis of the deuteron stripping I'eaction
on Ca4' (Ref. 34) and may correspond to the —,

' state
predicted at 2.5 MeV. 'Negative parity has been tenta-
tively assigned to five more states between 1.5 and 2.5
MeV on the basis of inelastic deuteron scattering, "
while four more negative parity states are predicted in
this region (Fig. 8). The states at 0.99, 1.39, and 1.96
MeV have positive parity and a,re beyond the scope of
this model.

Sliell-iiiodel calculatioiis witli 'tlie pui e If7 ~2 coiihgiii a-
tion' predict the second-excited-2 -state excitation to
be 700 keV too high. Inclusion of the 2psi, configuration
for all three nucleons and treatment of thc strength of
the different toms in the two-body potential as a
parameter' results in the correct position' for the second
excited 2 state but predicts additional low-lying —',—

and ~9 states which have not been. observed. These:two
states, however, do not occur if the pII~2 configuration
admixture is restricted to one nucleon only. '0 More
experimental information concerning: these nuclei
would be helpful.

~c. K. Bockelman, C. M. Braams, C. P. ,Browne, |A'. %.
Buechner, R. R. Sharp, and A. Sperduto, '-, Phy's. Rev. 107, 176
(1957)."T. A. Belote, J. H. Bjerregaard, 0. Risen, and, Q, R„
Satchler, Phys. Rev. DS, B1067 (1965).

The observed spectrum for Ti4' shows a doublet near
the ground state.~'"" The next excited state at 0.33
MeV has been assigned to be -', + from the angular
distribution of the deuterons in the Ti"(p,d) Ti4'

reaction"; however, the assignment is somewhat
ambiguous (see Ref. 6). The two states at 0.'14 and
1.23 MeV are seen in the Sc4'(p, m) Ti" reaction (Ref. 33)
but not in the Ti4'(P, d)Ti'r reaction. "For each one of
the next six levels a predicted counterpart can be found
(Fig. g) while the shell model with 1f7~2 configuration'
predicts only three states in this region.

C. Nuclei of Group III; Ca ', Yi47, Cr", Mn", Mn"

Nuclei of this group have either Gvc protons or five
neutrons outside the closed 2s-1d shell. The observed
spectra of all five nuclei exhibit a characteristic doublet
near the ground state followed by a gap of about 1 MeV.
This similarity ln thc lcvcl spcctlunl ls cxpcctcd ln this
model for all five nuclei if the deformation and the
rotational constant were the same for each nucleus.
However, the rotational constants of 190 and 23'/ keV
for Ca4' and Mn", respectively, are considerably higher
than those for Ti4~, Cr", and Mn"., which are 156, 132,
and 150 keV, respectively. Here again we observe the
drop of the rotational constant as we move away from
the closed-shell configuration for the nucleons of the
even type. The presence of the E= ~ band, based on
Nilsson level. 12, at a low excitation energy generates a
low-lying ~ state in all these nuclei and the difference in
the rotational constants is responsible for the anomalous

~ ground-state spin in Ti" and possibly in Cr" and Mn".

&' E. Kashy and T. W. Conlon, Phys. Rev. 135, 8389 {1964).
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FIG. 10. The experi-
mental and theoretical
level spectrum of three
members Ti47, Cr'Oz and
Mnsi of Group III. All
of them have about the
same moment of inertia.
The deformation is
taken to be 0.27, 0.24,
and 0.27 for T147 Cr 9,
and Mns~, respectively.
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The dependence of the level spectrum on the de-
formation is shown for Ti4~ in Fig. 9 using a well-

flattening parameter D= —0.06hcvo and 0.75 for the
core overlap integral. For reasonable prola, te deforma-
tion we get the observed ground-'state spin of 2. With
the core overlap integral of the order of 1, it is difFicult
to get the correct ground-state spin of ~ and at the same
time a reasonable spectrum for the positive deformation
(as can be seen from Fig. 10); however, for an oblate
deformation one can get the —', ground-state spin. But
in that case the model predicts a triplet near the ground-
state which has not been observed in any one of these
nuclei. Thus the observed doublet together with the
ground. -state spin of ~ favors a prolate deformation and.
a core overlap integral less than 1. This same value for
the core overlap integral has been used for all nuclei in
this group because the present experimental data do
not merit treating this quantity as a free parameter.
This parameter a6ects primarily the position of the
high-spin states.

The ground state of Ti" is known to be -', (Ref. 37)
A large amount of information on the location of the
excited states has been obtained from the Ti'8(P,d)Ti4r
(Ref. 36), Ti"(d,p)Ti" (Refs. 38—44), and Ti4'(p, p')Ti"

» C. D. Jerries, Phys. Rev. 95, 1262 (1953).
O' P. D. Barnes, C. K. Bockelman, O. Hansen, and A. Sperduto,

Phys. Rev. D6, B438 (1964); 138, B13 (1965); 140, B42 (1965).
'9 G. F. Piper, Phys. Rev. 88, 1299 (1952).
'0 L. L. Lee, Jr., and W. Rail, Phys. Rev. 99, 1384 (1955).
4' L. H. Th. Rietjens, O. M. Bilaniuk, and M. H. McFarlane,

Phys. Rev. 120, 527 (1960).
4' M. J. Zaika and O. F. Nemete, Izv. Akad. Nauk SSSR 24,

868 (1960)."R. Sherr, B.Bayman, E.Rost, M. E.Rickey, and C. G. Hoot,
Phys. Rev. 139, B1272 (1965).

'4 J. Rapaport, A. Sperduto, and W. W. Buechner, Phys. Rev.
14', 808 (1966).

(Ref. 45) reactions. Some information on the levels in
Ti" is also available from the observation of gamma
rays from the Ti"(N, y) Ti4' reaction. 4' 4' The first excited
state at 160 keV has also been observed in Coulomb
excitation4849 studies. A summary of the levels below
2.5 MeV in excita, tion energy observed in these experi-
ments is presented, together with the model predictions
in Fig. 10. The sta, tes at 0.157, 1.545, and 1.788 MeV
are strongly excited in the Ti"(d,p)Ti4i reaction and
orbital angular-momentum transfer l =3, 1, and
respectively, have been assigned to them. These 1=1
states may correspond to either of the predicted ~ and —',
states in. their vicinity; however, the ~ state predicted
around 1.5 MeV might not be excited very strongly in
the Ti4'(d, p)Ti'i or in the Ti"(p,p')Ti" reaction because
it is mainly based on E=-,' and E=—', bands arising from
the 1fq~2 configuration and therefore has small overlap
with the ground-state wave function which is based
Primarily on the E=ss band (Fig. 3). The 1.25-MeV
level is excited strongly in the Ti4i(p, p')Ti" reaction
but only weakly in the Ti"(d,p)Ti" reaction. This is
often characteristic of a high-spin state. The theory
plcdicts thc second cxcltcd state to bc 2.

Thus the experimental information on the levels of
Ti4" available to date is in general agreement with the
predictions of this model. The shell model with thc
Ifbi~ configuration mixture predicts the first -', state

: 4' O. Hansen, Nucl. Phys. 28, 140 (196.1).
. 4' R. M. Sinclair, Phys. Rev. 107, 1306 (195"j).

47 J. Z. Knovrles, G. Manning, G. A. Bartholomevr, and P. J.
Campion, Phys. Rev. 114, 1065 (1959)."G.M. Temmer and R. N. Heydenburg, Phys. Rev. 104, 967
(1957).

'9 D. A. Bromley, J. A. Kuehner, and E. Almqvist, Phys. Rev.
115, 586 (1959).
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I rG. 11. The theoretical and the experimental spectra of the
two members with relatively high rotational constant of GroupIII.
The deformation for Ca4' and Mn" is 0.22 and 0.20, respectively.
Experimentally there is some evidence for three more states
in Ca" around 1.5 MeV in excitation energy (Ref. 55).

around 0.8 MeV where no state has been reported in

any but one4' experiment. Moreover, according to the
above-mentioned shell model Ti" should have about
the same spectrum as its cross conjugate V" which does
not appear to be the case on the basis of the experi-
mental information available so far.

Experimental data on Cr are available from the
Cr"(p,d) Cr" (Ref. 50) and the Cr"(He', n) Cr ' (Ref. 51)
reactions. A summary of the observed levels is given in

Fig. 10. The angular distributions of the alpha particles
from the Cr(He', rr) Cr" reaction to the ground and the
first excited states of Cr" indicate an t=3 pattern. The

P decay from Cr" to the triplet near the ground state
of V' argues for a ~ spin assignment to the ground
state of Cr". These facts are consistent with the
theoretical predictions of the model. Six levels observed
between 1 and 2.5 MeV in excitation energy compare
favorably with eight levels predicted in this region. The
over-all agreement between the theoretical and experi-
mental level pattern is reasonably good. According to
the shell model with the 1frfr configuration mixture,
Cre and V4' should show a similar level spectrum. This
is not supported by the experimental evidence.

The levels of Mn" have been observed in the
Fe~(P,n)Mn" reaction (Refs. 52, 53). The level scheme

~ L. C. McIntyre and C. A. Whitten, Bull. Am. Phys. Soc. 10,
480 (1965)."R.Stock (private communication, 1966).

'I G. Brown and S. E. Warren, Nucl. Phys. 77, 365 (1966)."S. E. Arnell and S. Sterner, Phys. Letters 9, 319 (1964).

is very similar to the Cr" or Ti" spectrum. The P-decay
probability to the states of Cr" suggest a possible —,

'
ground-state spin for Mn" (Ref. 23). The Coriolis
coupling model again predicts a doublet near the
ground state and eight levels between 1 and 2.5 MeV in
excitation energy (Fig. 10).Experimentally the ground-
state doublet and seven levels between 1 and 2.5 MeV
h'ave been observed.

Levels of Ca" have been observed in the Ca~(d, p) Ca4'
reaction. ' " The similarity of the proton angular
distributions to the ground and the first excited state
of Ca4' to those observed from the corresponding states
in Ca43 and Ti47 argues for spin assignments of 2 and ~~,

respectively, to these states. "This spin assignment is
also in agreement with the model prediction (Fig. 11).
The high rotational constant for Ca4' is primarily
responsible for the 2 ground-state spin. The angular
distributions of the protons groups populating the
1.43-, 1.90-, and 2.25-MeV states show an /= 1 pattern.
This is in accord with the prediction of one —,'and two 2
states in this energy region. Not shown in the diagram
are three more states between 1 and 2 MeV which are
reported" to be weakly excited in the Ca~(d, P)Ca"
reaction. The model predicts in this region a a r an 11/2,
and a 2 state. The shell-model computation of the
levels of Ca ' with a (ifr~2) ' configuration' predicts
only three states in the excitation energy range from
1 to 2 MeV. On the other hand, the complete inclusion
of the 2P3~2 configuration in the shell-model calculation
predicts in this region a level density which is about a
factor of 2 higher than the observed one. ' Restricting
only one nucleon at a time to the 2pa~2 configuration in
the shell-model calculation can only account for two of
the three observed l='I states. " In view of the large
number of theoretical calculations now available, it
should be desirable to have more experimental informa-
tion on the Ca4' level spectrum.

Figure 11 shows the experimental and computed
excitation spectra of Mn". Most of the levels in Mn"
have recently been found in the Cr" (P,y)Mn" (Ref. 53)
and Fe"(p,n)Mn" (Ref. 52) reaction studies. The
ground-state spin of ~ and the first excited state spin
of -', (Ref. 23) are well reproduced by the model.
Furthermore, the model predicts the correct level
density up to 2.5 MeV. The shell model with (1f&~,) '
configuration predicts only three states, against six
observed, between 1 and 2.5 MeV in excitation energy.

We may conclude that the preliminary predictions of
the model are in good accord with the observed data
on the nuclei in this group.

D. Nuclei of Grouy Iv: Ti49, Cr"

This group is characterized by an odd nucleon count
of seven above the closed 2s-1d shell. Figure 12 illus-

"P. M. Endt and C. van der Leun, Nucl. Phys. 34, 1 (1962)."W. R. Cobb and D. B. Guthe, Phys. Rev. 107, 181 (1957).
'6 T. A. Belote, W. K. Dorenbusch, O. Hansen, and J.Rapaport

(unpublished) ~
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trates the change in the positions of the computed
energy levels with the deformation for Cr" as an
example. Because of the similarity of the rotational
constant of the two nuclei in this group ( 190 keV),
the dependence of the level positions on the deformation
is about the same for Ti4' and Cr". Only one additional
nucleon is needed to fill the 1fz~2 shell. Therefore a
small deformation is expected for nuclei in this group
and the model predicts a ground-state spin of 2 and a
relatively high excitation energy for the first excited
state.

A summary of the experimental situation in Ti"
(Refs. 23, 27, 36, 45, 57, 58) is given in Fig. 13. The
energy gap between the ground state and the first
excited state is well reproduced by the Coriolis coupling
model. The first excited state is seen only in inelastic
proton scattering4' and could correspond to the —,'state
predicted at 1.15 MeV. The ~~ and ~ states"' ' at
1.39 and 1.73 MeV and two additional states near 2.5
MeV with probable spin assignments of —,

' and —,
'

(Ref. 36) are accounted for by the model. The two
states at 2.45 and 2.62 MeV have positive parity" and
are beyond the scope of this model. With one exception
a predicted negative parity counterpart can be found
for all the remaining states below 2.6 MeV.

The appearance of low-lying ~~ and 2 states with
large l=1 reduced neutron widths is puzzling on the
basis of the shell model with pure 1fz~2 configurations. '
On the other hand, in the Coriolis coupling model, these
states are based mainly on Nilsson level 17 and large
l = 1 reduced neutron widths are expected.

The observed spectrum of Cr" (Refs. 23, 27, 50, 59,
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60) indicates the presence of a doublet near 0.78-MeV
excitation energy and a probable spin of ~ has been
assigned to one of its members. This cannot be under-
stood in terms of the shell model with the 1fz/2 con-
figuration only, which predicts the first —,

' state at
1.7 MeV.

On the other hand, the Coriolis coupling model
predicts a ~3 state at about 0.78-MeV excitation energy
both for negative and for positive deformation. The
measured lifetime of 10.8 nsec for one member of the
doublet obtained from V"(p,zz)Cr" reaction" is two
orders of magnitude slower than the Weisskopf estimate
for an E2 transition to the ground state. In view of the
fact that the E2 transitions are enhanced throughout
the entire 1fzz2 shell, an M2 character for this transition
is reasonable if the transition proceeds directly to the
ground state. This would suggest a possible -', + assign-
ment for the other member of the doublet and con-
sequently an oblate deformation would be probable. If,
however, the long-lived state is the upper member of
the doublet, the cascade decay of this state through
the lower lying state of presumably ~ spin is possible
and in that case the observed lifetime argues for a decay
exclusively to the lower member of the doublet by a
dipole transition. This would then be consistent with
a ~+ assignment for the upper member (the other
possible assignments of ~+ and ~+ would be di%cult to
justify because it would require a very high inhibition
factor for the transition to the ground state). It is
interesting to point out that a (a~, i~ ) doublet can be

~ C. A. Whitten, Bull. Am. Phys. Soc. 10, 480 (1965); Ph.D.
thesis, Princeton University, 1965 (unpublished).

Cr

FIG. 13. The experimental and the theoretical level spectra of
the two nuclei in Group IV. The deformations for Ti4' and Cr" are
taken to be 0.15 and —0.12, respectively.



obtained for positive deformation in the Coriolis
coupling model without appreciably affecting the
density of levels up to 2-MeV excitation energy.

In Fig. 13 we present the computed level spectrum
of Cr" for a deformation P= —0.12 which should be
considered preliminary pending further investigation.
Besides the ~ state at 0.78 MeV, the next four excited
states between 1.0 and 1.6 MeV are also accounted for
in this model.

V. CONCLUSION

Of all the consequences of this model, the most im-
portant one is the correct prediction of the ground-state
spin of all odd nuclei in the 1f7~2 shell. Thus the argu-
ment that the observed ground-state spin of —,

' in odd
nuclei in this mass region suggests a spherical-shell
model, is no longer tenable. The Coriolis coupling
model, which is still basically a single-particle model,
also accounts for the anomalous ~~ ground-state spins
of Ti", Cr", and Mn".

Another important conclusion is that this treatment
reproduces well the experimental information available
to date on the level spectra below 2.5 MeU in excitation
energy for all nuclei in this region. Speci&cally such
striking features as the large number of low-lying states
in the Sc isotopes, the ground-state triplets in V4' and
V", the ~ and ~ doublets followed by a gap of about
1 MeV in nuclei of group III and the low-lying ~ state
in Cr" are well accounted for. The model usually
predicts the correct number of levels for nuclei in the
upper-half of the 1f7/2 shell. For nuclei in the lower half
of the ifq~2 shell the presence of additional positive
parity states arising from core excitation of the 2s-1d
shell in the observed spectrum is suggested from the
calculated spectra.

The actual sign and value of the deformation must
await further experimental study of the nuclei in the
1f7~2 shell since it depends to some degree on the values
chosen a priori for the parameters of the deformed
single-particle potential and for the core overlap

integral. Nevertheless a certain systematic behavior of
the deformations is already apparent from our pre-
liminary study. With the exception of Cr", where the
actual sign of the deformation cannot be ascertained on
the basis of the present experimental data, nuclei in
Groups I, III, and IV are prolate while for nuclei in
Group III the possibility of an oblate shape appears to
be slightly favored. Further experimental tests of the
various predictions of these models regarding the spins
and locations of the excited states would help to answer
these open questions and assist in improving the com-
puted level spectra.

The importance of the proper treatment of band
mixing, due to the Coriolis coupling, in the wave func-
tions and the level spectra is well exhibited in the
composition of the ground-state wave functions of the
1f7~2 nuclei shown in Fig. 3 and in the large shifts of
the perturbed levels with respect to the unperturbed
ones as shown in Fig. 4 for Sc".Without the Coriolis
coupling, it would be impossible to obtain even the
correct ground-state spin. Although in simplicity and
in principle the Coriolis coupling model is only analogous
to the elementary single-particle shell model without
the residual interaction, in practice this simple model
appears to account for the low-lying spectra of all
odd-even nuclei in the 1f7~2 shell better than the much
more sophisticated shell-model computations including
residual interactions. On the basis of the present experi-
mental data there seems to be no serious discrepancy
between the observations and the predictions of this
model.
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