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be

v (0.83) = 9.5&&10' m/sec,Fe

v (1.67) = 6.7&&10' m/sec,

(2.5) =2.6X10' m/sec,Fh (7)

cy is expected to cause errors of less than ten
percent in the determination of ~n over the
region covered by Fig. 2.

The authors are grateful to Mr. J. P. Garno
for his expert technical aid during the course
of the experiment.

where the number in parentheses is the num-
ber of electrons (&&10"/cm') in ellipsoids char-
acterized by the listed velocity in the specified
direction. It is seen that the velocity determined
experimentally [Eq. (6)] is intermediate between
the extremes given in Eqs. (7). In fact, the
result of Eq. (6) is within 15% of the weighted
average of the roots of the products (v Fev Fg)
of Eqs. (7). A more quantitative comparison
awaits a detailed calculation of the effect for
bismuth, similar perhaps to that of Walpole
and McWhorter" in their studies of nonlocal
helicon propagation.

The assumption ~~ » + warrants a brief dis-
cussion, since the nonlocal magnetosonic waves
are observed at low fields where this condition
may no longer be valid. First, it is noted that
the effect of finite frequency, if present, is
to cause the curve of n vs I/B (Fig. 1) to bend
in the opposite direction to that observed in
the low-field region. Second, from the known

cyclotron resonance masses" the finite frequen-
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ISOMER SHIFTS AND THE SELF-CONSISTENT CRANKING MODEL~
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It has recently become possible to estimate
the difference in the rms charge radius between
the ground and first excited state of a rotation-
al nucleus. The necessary data can be obtained
from Mossbauer measurements of the chemi-
cal shift' and, independently, from the shift
in muonie atoms, ' of the nuclear gamma-ray
energy. It is naturally of interest to compare
such results with predictions of nuclear models.

The purpose of this note is to present calcu-
lations of charge radii of rotating nuclei based
on the self-consistent cranking model. s&~ (Here-
after, Ref. 4 is referred to as II.) This mod-
el depicts collective rotation, in the context
of the Hartree-Fock-Bogoliubov theory, as
the rotation of a deformed average field addi-

tionally stretched by the Coriolis force, which,
at the same time, diminishes the Cooper pair
correlations. The Coriolis-perturbed varia-
tional wave function or the corresponding sin-
gle-particle density matrix determines the
expectation value of any observable as a func-
tion of the angular velocity or angular momen-
tum of the ground-state band. The parameters
of the calculation are those of Case II given
in II. The notation in the ensuing equations
is also defined in II.

The radial proton operator R' is defined by

R'= Q (klan'tl)a ~a,
kl k I'

(protons)
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where x =x +y2+z2 and the sum runs over a
complete set of deformed single-particle states
taken, in practice, from the Nilsson model. '
The change in the charge radius for a rotating
nucleus is given by

The first contribution is essentially a pure
cranking model result which neglects the chang-
es in the average field and the attenuation of
pair correlations. Explicitly, the contribution
can be written as

5(R') = (R')„-(R')
„ kl

(protons)

(k lr' ll) 5p, (2)
Bd p,

5(R') = n2
crank B(m&e 2) 4 By

p p
(4a)

where the change in the density matrix 5p is
given to order 0' in the cranking velocity by
Eq. (59a) of Ref. 3, which is sufficient t(. de-
scribe low angular-momentum states. The
result (2) is conveniently decomposed as follows:

5(R ) =5(R ) + 5(R ) + 5(R') . (3)crank C ap stretch'

where dp is the proton contribution to the mo-
ment of inertia. The special form of the first
term of (4a) follows from the use of the Nils-
son potential, if one understands that the pa-
rameter m(e, ' in the spherical part of the Harn-
iltonian V = 2m', ,'R' is to be treated as the in-
dependent variable, holding all other parame-
ters fixed. The derivative is explicitly given
by

By k j l llllm mlj lk
x

s(mao*) E +E
klm

(protons)

2(UV +U V)(U U +V V ) (UU -VV )(U V -U V )

E +E E +E
m k m

(5.)

where jz is the angular momentum operator,
Uk and Vk are the occupation amplitudes, and

Ek the quasiparticle energies. The first term
in (4a) arises from the effect of the Coriolis
force on independent quasiparticles, while the
second term arises from an adjustment of the
I agrange multiplier Xp to maintain the correct
average number of protons in the presence of
the Coriolis perturbation. The derivative B&pj
BXp is defined in II, the remaining quantities
are defined by

Allowing the proton gap &p to diminish with
rotation ("Coriolis antipairing") gives the ad-
ditional contribution

5(R') =« I~ -(~ Ib )V ),Cap P P P P P'
where

(kl/lk)U V (U 2 —V 2)

t
k k

(protons)
kl Ik U V

jl—:2
k k

(protons )

U V (U2-V')
1a

k
(protons)

(5c)

) k

k k
(protons)

(5b)
and 5&p is given to order 02 in II.

The final contribution arises from the change
in deformation ("centrifugal stretching" ) and
is given by

(k Ir I' ll)(ll/lk)(UkVI+ Uf Vk)'
2O kf fk P P

E +E BP P BP P
(protons)

(4c)
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Table I. Values of (1(I+I)] t6(R )/(R2) (units of
1O-').

where &&p/&p, Np/ftp, and 5p are defined (to
order &') in II. The last two terms in Eq. (4c)
arise, respectively, from a change in the gap
parameter due to the change in deformation
and from another consequent adjustment of the
proton number Lagrange multiplier.

Using the relation 0' = (h/d)2I(I+1), valid
for low angular-momentum states, the calcu-
lated values of [I(I+1)] '5(R )/(R ) are present-
ed in Table I and compared with the few avail-
able measurements for the I=2+ state.

The theory certainly gives the right order
of magnitude of the change in radius but the
theoretical values seem to be too large, in gen-
eral, by factors 2 to 3. On the other hand, the
experimental data are, with the exception of
Yb'70, given for cases which are not the best
examples of rotational nuclei. Moreover, much
of the data is still somewhat crude and possi-
bly subject to some reinterpretation. The cal-
culations may be improved in the future when
it becomes possible to perform Hartree-Fock-
Bogoliubov calculations for heavy nuclei using
realistic forces in place of the schematic quad-
rupole and pairing force.

The chief qualitative conclusions of the pres-
ent work is that the main contribution to the
change in radius, in most cases, indeed comes
from the centrifugal stretching of the nucleus,
as is widely assumed. However, the effect
of the Coriolis force on independent quasipar-
ticle motion [Eq. (4a)] is by no means entire-
ly negligible, being typically of the order of
25% of the total, although sometimes almost
50% for cases in which the stretching is small. '
It should be noted that the particle number cor-
rection in Eq. (4a) is of the same magnitude
as the main term given by Eq. (5a) and usual-
ly of opposite sign, accounting for the small-
ness of the overall contribution. The C ap con-
tribution is also quite small in most cases,

a
Ref. 1.
This is based on the latest interpretation of the da-

ta in Ref. 1 (private communication from L. Grodzins).
cRef 2
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for, as ca,n be seen from Eq. (4b), 5&~ is mul-
tiplied by the difference of two roughly equal
terms which are themselves individually small,
being sums over terms which largely cancel
from both sides of the Fermi sea. One of the
two terms, as was noted, comes from the par-
ticle-number correction. It should also be
emphasized that the few cases of shrinkage
in radius and deformation need not be taken
seriously, since one could probably obtain a
small expansion with a not unreasonable change
of parameters. ~

It should be emphasized that although the
present calculation generally supports the as-
sumption that "centrifugal stretching" is the
main effect in the isomer shift, it does not
support quantitatively the relation between the
change in radius and the change in deformation
usually assumed in phenomenological analyses.
For example, it is customary to calculate the
fractional change in deformation &P/P or the
change in the electric quadrupole moment by
assuming that the change in radius comes en-
tirely from a change in ellipticity of a uniform
charge distribution. Since the dynamic effects
of rotation are neglected, such an estimate
must be considered as rather crude. Thus,

the most meaningful direct comparison of the-
ory and isomer-shift data should be made with
regard to the change in radius, rather than
the change in deformation. In this sense, the
present microscopic computations are an im-
provement over earlier ones of b P/P '.7
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The Qux of relativistic particles with a charge--e was measured in cosmic rays at
3

sea level using a scintillation counter hodoscope. An upper limit equal to 1.3 x10
em sr ~ sec ~ was established at 90% confidence level.

Despite the negative results of a large num-
ber of searches for quarks which seek to iden-
tify the quark through the magnitude of the frac-
tional charge, ' ' it is still possible that quarks
with charges of —', e and e exist but have not
been observed in these experiments because
of an instability with respect to decay into coxn-
pounds of two quarks, four quarks, or two quarks
and an antiquark, through processes such as

q-qq+(qqq), q-qqqq+(qqq), or q-qqq+(qq),

where (qqq) is a baryon and (qq) is a meson;
the overline signifies the antiparticle.

If the mass of the quark is very large, the
three-quark forces must be very large to ac-
count for the relatively small mass of the bar-
yons, and the quark-antiquark forces must be
very large since the meson is light. Certain-
ly it is not then possible to exclude the possi-
bility that the masses of the qqqq, qq, or the
qqq ~ight be smaller than the mass of a sin-
gle quark, though much larger than the baryon
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