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Nuclear Moments of Sc44 and Sc'4"f
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The nuclear moments of Sc44 and Sc'4 have been measured using the atomic beam magnetic resonance
method. The results are:

I=2, ~p( =2.56+003 nm, ~Q~ =0.14&008 b, with p/Q)0;
I=6, )p( =3.96&0.15 nm, (Q[ =0.37+0.29 b, with p/Q&0.

Observations of multiple quantum transitions in the I=2 state give a value for gz in the 'D&I2 electronic state
of 1 2008&00003 if y (I=2))0, gq = 1.1997&00003if p (I=2) &0.These results are discussed with emphasis
on the pertinence of the odd-group model for odd-odd nuclei in this region of the periodic table.

I. INTRODUCTION the investigation was facilitated by the observation of
multiple-quantum absorption transitions.

~ OR the past several years this laboratory has
studied the spins and moments of radioactive odd-

odd nuclei in several regions of the periodic table.
Emphasis has been placed on the interpretation of the
measurements in terms of speci6c nuclear wave func-
tions. For the most part, the nuclei which have been
studied have proved consistent with some type of odd-
group model, ' in which neutron and proton configura-
tions are treated separately, and in which the total
spin I is just the net spin formed by coupling together
the total proton and total neutron spins, I„and I„.If
neutrons and protons are Ailing different shell-model
levels, the assumptions of this model may be valid.
Where the same level is being Oiled by both kinds of
nucleon, however, it will probably break down, because
the neutron-proton interaction will mix states of differ-
ent I„and I„.An example of the breakdown might be
expected in 2~Mn27", where neutrons and protons both
fill the f7/s shell. Recent measurements' of the magnetic
moments of Mn", however, have shown remarkable
agreement with the simple model. To see if the agree-
ment was a general result throughout the shell, we have
investigated the moments of the two long-lived states
of 21Sc~3~, the particle conjugate of Mn". The spins
of these levels have been previously reported. '

The measurements were performed using the atomic
beam magnetic resonance technique. In the atomic beam
apparatus, dipole transitions are induced by an rf field
between magnetic sublevels of the hyper6ne atomic
levels, and the frequencies of the transitions are fol-
lowed as a function of magnetic Geld. From these meas-
urements the energy level spacings in the hyperfine
structure (hfs) of the free atom can be determined. As
in several previous investigations in this laboratory,

II. EXPERIMENT

The apparatus used in the experiments was the focus-
ing atomic beam machine of Lemonick, Pipkin, and
Hamilton. ~ Subsequent modi6cations and some details
of the machine operation have previously appeared in
the literature. ' ' The apparatus consists of three mag-
nets through which the atomic beam is passed. The first
and last of these are six-pole magnets which focus
atoms of a given sign of the atomic moment towards
the axis of the machine, and deflect atoms of the oppo-
site sign away from the axis out of the transmitted
beam. The center "C" magnet is a homogeneous one;
in its field is a loop powered by an rf signal generator.
If the applied frequency is appropriate, transitions will
be induced at the loop such that the sign of the atom's
effective moment changes. The "unQopped" beam is
collected and monitored by placing a small copper
button on axis behind the last magnet. Those atoms
which have been flopped" at the loop are collected on
a larger disk concentric to the button. These collectors
are then removed from the machine through an airlock,
and the collected activity counted with a scintillation
counter.

The activity for this experiment was produced by the

(p,pe) reaction on 99.8% pure Sc4' metal. Most of the
activity for the study of the 4-h state was produced
using the 18-MeV protons from the Princeton cyclotron.
For the production of the 2.4-day state the metal was
bombarded in the 86-in. cyclotron at Oak Ridge
National Laboratory. The atomic beam was produced
from a double walled tantalum oven heated to 1600'C
by electron bombardment.

The collecting surfaces were clean copper, scoured
with steel wool to present a fresh surface, and rinsed in
alcohol and acetone. The combination of source
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strength, oven temperature, and collecting eKciency
was such to give counting rates of about 1000counts/min
on the monitor button for five minute exposures to the
beam. This beam could be maintained for several hours.
Ratios of the outer disk to monitor button counting
rates (d/b) were of the order of 0.030 with no rf field
present, and would rise as high as 0.100 on resonance.

The rf power necessary to induce transitions was
supplied by a Rohde-Schwarz SMLR oscillator fed to
the 10-turn solenoidal loop. The C-field intensity was
monitored by measuring the transition frequency in
stable K", using a separate low temperature oven and
a hot wire detector which could be rotated into and out
of the beam. The power fed to the solenoid was moni-
tored with a pickup loop; the frequency, by a Hewlett-
Packard 524-8 cycle counter. Use of the solenoid en-
abled us to attain the high rf Geld necessary for the
multiple-quantum studies.

III. HFS THEORY

The hfs energy of a free atom, which is due to the
interaction of the nuclear moments with the Geld of the
atomic electrons, may be described in terms of the elec-
tron spin J and the nuclear spin I by the Hamiltonian
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if octupole and higher-order interactions are neglected.
In this equation, A and 8 are proportional to the nu-
clear moments yr and Q;

FIG. 1. Schematic diagram of the behavior of the hyper6ne
magnetic sublevels as a function of applied external magnetic-
field, for I=2, J=-', . The drawing is not to scale, and is intended
to show only the general ordering of the levels. n and P label
possible transitions detectable in the atomic beam apparatus.

(2)

(H(0)) is the magnetic Geld and (M/Bs) the electric
Geld gradient at the nucleus produced by the atomic
electrons, and pr and Q are the nuclear moments. The
electron charge e is here taken as a negative number.
This Hamiltonian is diagonal in the (IJIi Mp) represen-
tation, and the eigenvalues are simply expressed as
linear equations in A and B.

%hen an external magnetic Geld HE is applied, there
is the further interaction,

H .,=ggyp(J Ha)+gr'po(I Ha),

which splits the magnetic sublevels of the hyperGne
states (the eigenfunctions of Eq. 1). In Eq. (3), gq is
the gyromagnetic ratio of the electron, and gz' is that
of the nucleus, both in units of the Bohr magneton p, o.
(We can also write gr'= grp~/po, where p~ is the nuclear

magneton. ) The sign convention is such that the gyro-
magnetic ratio is positive for the electron.

At low fields, the (IJPMi) representa, tion gives the
approximate eigenstates of the Hamilton LEq. (1) plus
Eq. (3)); at high fields, however, Eq. (3) dominates
the total Hamiltonian, and the (IJmrmq) representa-
tion gives the eigenfunctions. Schematically, the de-

pendence of the splitting on HE can be seen by connect-
ing low- and high-Geld values of the energies, as in
Fig. 1 (drawn for I=2, I= —',, the values appropriate to
Sc~). The actual Geld dependence of the levels is not
linear, of course, and must be obtained by either per-
turbation approximations, or, more exactly, by com-
puter diagonalization of the total Hamiltonian.

As indicated above, the measurements are made by
inducing transitions between the magnetic sublevels of
the hfs. Because of the trajectories of the atoms in pas-
sing through the magnets of the apparatus, the only
detectable transitions are those in which the atom in its
initial state has a negative effective magnetic moment

(p ff — BZ/BH) at very high val—ues of Hz, and in
which the Gnal state has positive p, ff at the QQLQQ Llg.
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This selection of detectable transitions is made by the
strong inhomogeneous fields in the first and last magnets
of the apparatus. The actual transitions are induced in
the central magnet, at low values of BE, and were
limited in these experiments to BIi =0 transitions. For
such transitions the dipole selection rules require
AMER= +1, and normally only the transitions o, would
be observed. If sufhcient power is supplied to the rf loop
used to induce the transitions, multiple-qua. ntum ab-
sorption is possible and transitions such as P will be
seen. The frequencies at which such transitions will take
place will be 1/1V times the total frequency separation
of the initial and final states, when S is the number of
quanta absorbed. These quantities can be calculated by

applying perturbation theory to the total Hamiltonian;
to second order in H&, the frequency for the transition
by E quantum absorption may be written as4

(I"oHz i F Q
~P') =a~I I+

h J Apip~i, p Avp, p ]

poH~)'
&([sV+2nzi (final)]~ gg

~
+ . (4)

I

In this equation, mp (final) is the total magnetic quan-
tum number of the final state, and the other quantities
are de6ned by the relations

(F+1 J+I)(—F+1+J I)(F+—I+J+2)(J+1—F)

4(F+1)'(2F+1)(2F+3)

(F J+1)(F—+J I)(J+I—+F+1)(J+I F+1)—
4F'(2F 1)(2F+1)—

cV= quantum multiplicity= m~ (initial) —mp (final),

F(F+1) I(I+1)+—J(J+1) F(F+1)+I(I+1) J(J+1)—
2F(F+1) 2F(F+1)

and E~ and Ep i are the appropriate eigenvalues of
Eq. (1).Equation (4) contains a further approximation
in that the explicit dependence on gz' of the term quad-
ratic in Hg has been dropped.

The frequency spectrum expected from the quad-
ratic approximation LEq. (4)] at a given value of H~ is
a comb of equally spaced resonance peaks, the spacing
between which depends on the hv's, and, hence, on A
and 8 of Eq. (2). The resonance peaks themselves are
composed of several transitions, all of which take
place at the same frequency; the degeneracy arises
because )V+2m+ (final) may be the same for different
values of 1V and no~ (final). The detailed composition
of the resonances expected in the Sc~ are shown in
Fig. 2, where the possible transitions are plotted with an
arbitrary splitting according to their values of N+2mz
(final), for both I=2 and I=6, with J=~~, and F= ~~,

and F= 17/2, respectively.
The extent to which each of the individual transitions

shown in Fig. 2 contributes to the observed height of
the corresponding resonance depends on the rf power
supplied to the loop. Most of the resonances in the comb
have three contributing transitions, corresponding to
quantum multiplicities E, 1V+2, and %+4. The proba-
bility of inducing an observable transition is a function
of the quantum multiplicity, and each transition con-
tributing to a given resonance will have optimum

transition probability at a different value of rf power.
Hence, it is not obvious what choice of power will
optimize the observed signal. A complete discussion of
this problem is given by Christensen et ul, .4 and will not
be treated here. The best results in the present case were
achieved by operating at the power which optimized the
transition probability for the highest multiple-quantum
transition in a resonance.

Hfs of the I=2 State

Hyperfine structure separations were determined for
I=2 in the 'D5~~ electronic state, between the F=~,
F=-,', and Ii =—,

' levels. The 'D5~~ state of scandium is
not the ground state, but was thermally populated in
the oven, and is favored over the 'D3/Q ground state by
our machine optics because of its greater effective
moment in high mg states. The separations were de-
termined by following resonances in the F=

~ and F=
~

levels as a function of IIg up to the fields at which the
third-order terms in Eq. (4) began to contribute. This
occurred at about 22 G, corresponding to a potassium
transition frequency of about 17 Mc/sec. At the highest
values of II+, the multiple-quantum peaks discussed in
Sec. I were well resolved, as seen in Fig. 3.Five multiple-
quantum peaks were observed in the F= ~~ level studies,
and three in the Ii =—,

' level; in each case the resonance
of lowest frequency has a linear field dependence, cor-
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The values for g~ were obtained from the second term
in Eq. (4), and the data in Fig. 3. Small corrections for
third-order terms were made, with the results

Essays, r~s ——477+ 11 Mc/sec,

Avr~s, s~s
——355+5 Mc/sec.

From these d v's, the hvperfine coupling constants 3
and 8 were computed to be

1A ('D sos) 1

= 102.6&1.2 M c/sec,

[8('D sos)
1

=22.9+14.0 Mc/sec,

with 8/A &0.

This, coupled with measurements of Sc4' (where p, Q,
A, and 8 are all known independently) may be used
with the Fermi-Segre formula (assuming no hfs
anomaly) to determine p and Q, giving

I&(1=2)1=2.56&0.03 nm,

1Q(I= 2)
1

= (0.14+0.08) &&10
—'4 cm'

with p/Q) 0.
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FIG. 2. A schematic diagram of the expected frequencies of the
transitions detectable in the apparatus. The individual transitions
are labelled by their quantum multiplicity, and arranged in the
6gure according to their initial and hnal state values of mJ. The
6gures are plotted for A &0; taking the opposite sign for A does
not change the character of the pattern. The frequency degeneracy
of the several transitions is valid only in the quadratic approxima-
tion for the external-held dependence.

responding to X+2IIIp ——0 in the second term of Eq. (4).
The data in Fig. 3 do not cover the region of the third
resonance in the comb; this resonance was seen at lower
6elds, but was not checked here, since little additional
accuracy in the overall experiment would result.

The observation of the resonance with linear de-
pendence on H~ has obvious advantages. In the erst
place, it serves as a reference point for the quadratic
splitting of the other resonances, and, hence, makes
possible a measurement of the Av which is independent
of assumptions about the gJ of the atom. In the second
place, its dependence on H~ is a direct measurement of
g~ in Eq. (4), and. hence, if gr is known, mea, sures
directly the gJ. In these experiments the magnitude of

gr was known from the quadratic splitting, but not the
sign. Ignoring the contribution of g» to the gp term in
Eq. (4), the measurements gave the value gs~s —=1.202
&0.004; including the gg term, gave the results:

gg]2= 1.2008%0.0003 if pg &0

1.&997~0.0003 i& Ij,r &o.

SI26 Sc I~2, J=5/2, F~S/2; V„- I?.5Mc./aec.
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FIG. 3. Experimental results for Sc" for the parameters I=2,
J=-'„ Il = 2 at a magnetic held corresponding to a potassium fre-
quency v&=17.3 Mc/sec. D/8 is the ratio of the "fiopped" beam
to the transmitted beam. The frequency scale is chosen so that
the zero frequency corresponds to the linear frequency for
scandium.

The hyperfine structure of the I=6 state is somewhat
more complicated than that for I=2. The high value
of the nuclear spin increases the multiplicity of the
levels, and so the number of resonances in the multiple-
quanturn comb correspondingly increases. The ex-
pected transition pattern is shown in Fig. 2. In contrast
to the I=2 data, we could no longer directly observe
the resonance at the linear frequency. %e did observe
seven resonances in the comb, corresponding to the
same orders of quantum multiplicity as in the I=2
work. The resonance pattern for the highest value of
II~ in the F=17/2 state is shown in Fig. 4. Similar
results were obtained for the F= 15/2 level.
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FIG. 4. Experimental results for Sc'4
for the parameters I=6,
F=17/2, at a magnetic field corre-
sponding to a potassium frequency
vs=20. 5 Mc/sec. D/B is the ratio of
the flopped" beam to the transmitted
beam. The frequency scale is chosen
so that the zero frequency corresponds
to the linear frequency for scandium.

300
I

. 400
I

500
I

600
P 7050 Vp ( 6c / Se c )

k

I

700
I

800
I

900

The assignment of the proper value of N+2mr (final)
to the observed resonances was accomplished in the
following way: First, the value of the linear frequency
LN+2mr (final) =0) was inferred from the gq data for
the I=2 state. The observed resonances were then
assigned their most plausible values of $N+2m~
(final)j, consistent both with the separation between
resonances and with their inferred splitting from the
linear frequency. Only one choice of LN+2mz(final)$
assignments proved to be consistent w'ith all the data,
but this choice did not distinguish between the two
values for gq given in Eq. (6).

The rest of the analysis was essentially the same as
for the I=2 case. The results were

I„are almost certainly not good quantum numbers,
because .of the possible strong neutron-proton
interactions.

It is surprising, therefore, that in Mn52 the measured
moments agree very well with the odd-group model
predictions. Mn" is a nucleus directly comparable to
Sc~; it has one neutron hole and three proton holes in
the f7/s shell, as opposed to the one proton and three
neutrons of Sc~. The odd-group model prediction for
magnetic moments is given by

Pl—=-'(g.+g-)I
)2('D», ) ~

=53+2 Mc/sec,

[8('Dgs) [
=62+50 Mc/sec,

with 8/A (0.
These gave the following values for the moments:

~
Ii(I=6)

~

=3.96+0.15 nm,

~ Q (I= 6)
~

= (0.3'/+0. 29) X10 '4 cm'

with p/Q(0.
TABLE I. Comparison of magnetic moments of Mn" and Sc~.

The 6rst two rows give the experimental results; the third, the
simple odd-group model predictions. A test of the consistency of
general (f&12)' wave functions is provided by the fourth and fifth
rows (see text).

IV. DISCUSSION

As stated brieQy in the introduction, one reason for
measuring the magnetic moments of Sc~ is to check the
extent of the agreement with a simple odd-group model

prediction in the odd-odd nuclei in the fr~s shell. The
central assumption of such a model is that I„and I„,
the total proton and neutron angular momenta, are
good quantum numbers, with the total angular mo-

mentum I their vector sum. This model has been quite
successful in nuclei where neutrons and protons are
filling different shells. In the fr~s shell, however, I„and

IJr/I, 1=2 ger/I, I=6
0.53a0.08~
0.66+0.03

0.55

0.52+0.08.
1.28&0.02

0.55

25M n27'~

~ISc23"
odd-group model prediction

{I„=I„=2)
Sum of Sc~+Mn52

g„+g (Schmidt)
1.80&0.04

1.11
1.19&0.04

1.11

a See Ref. 2.

and using Schmidt values for the gyromagnetic ratios

g~ and g„and putting I„=I„=~7, the states in Mn" fit
almost exactly (see Table I). The same values are ex-

pected within the model for the states in Sc~. Here the

(g) fit is not as good, and for the I=2 is especially poor.



NUCLEAR MOMENTS OF Sc'4 AN D Sc44

The Sc~ I= 2 state moment can be fit, of course, by
assuming that I„is not a good quantum number. One
can take linear combinations of states defined by I„
and different values of I„,and with such wave functions
fit a wide range of data. This procedure is an extension
of the model and does not give unique answers. How-
ever, any wave function of the four f7~s particles can be
written in this way, since the odd-group model states
form a complete orthogonal set. The magnetic moments
predicted for such linear combinations will all have the
form

(10)

since the first term in Eq. (9) does not depend on I„or
I„.The constant P in Kq. (10) will depend on the par-
ticular linear combination of odd-group model wave
functions employed.

One can correlate the magnetic moments of Sc~ and
Mn" by using Eq. (10). Since the nuclei are particle-
hole conjugates of each other, they should have the
same eigenfunctions for analogous states, except that
the role played by neutrons and protons will be inter-
changed. Hence, whatever p may be for a given state
in Sc44, the analogous state in Mn" should have the
same P. The sign of the second term in Kq. (10) will be
different for the different nuclei, however, because of
the replacement of protons by neutrons (holes) and
neutrons by proton (holes). The absolute magnitude of
the magnetic moments will still be ambiguous, because
of the indefiniteness of P, but the sum of the moments
of analogous states in the tw'o nuclei will be

14r(Sc44) pr(Mn")
=gr(Sc44)+gr(Mn") =g +g„. (11)

The comparison of these sums with Schmidt values of

g„+g„ is also given in Table I. Note that for the I=6
states the agreement is excellent, while for the I=2
states it is poor.

The argument leading to Eq. (11) assumes that the
proper analog states have been identified in the (f7/s)
configurations, and nothing further. The I= 2 states are,
therefore, apparently not analogs in this sense. This
result is not surprising; if the analogy were good, not
only would Eq. (11)be valid, but the spectra of the two
isotopes would be identical. But since the I=6 states
are such good analogs, it would not be surprising if both
states in one of the two isotopes were well described by
(f7~s)4 wave functions. Whether Mn" or Sc~ is better
described in these terms cannot be determined from the

magnetic moments alone, however. Both moments in
either nucleus can be fit by a (f7(s)4 wave function, as is
apparent from Eq. (9). In the absence of energy eigen-
functions, one must assume a given coupling of the four
particles to make any calculation at all.

EBorts have been made in the past to construct wave
functions which may also be energy eigenfunctions, to
see if an agreement with magnetic moments in this
region could be reached. The most recent of these
attempts is due to Lawson, ' and achieves good general
agreement over the shell. His method of construction is
closely analogous to the Nilsson model for odd-even
nuclei. In the present instance he predicts the I=2 state
magnetic moment for the (fr~s)' configuration to be
+= +2.56 nm. ' This value is remarkably close to the Sc~
value.

An alternate construction of states is the seniority
classification of Flowers, ' which categorizes the states
according to their angular momentum I, isotopic spin
T, and seniority v. The magnetic moments for these
states can be uniquely specified only in those cases
where this classification is sufficient to completely
specify the states. In the four-particle case above, there
are three states of angular momentum 2, one with
seniority 2, and two with seniority 4. For the seniority-2
states, the magnetic moment can be calculated. Using
a method to be described in a future paper, these
moments can be shown to be

I=2:IJ,I——0.56 nm;

I=6:IJ,~=1.67 nm.

These fit neither the Mn" nor the Sc~ moments, and
thus seem to indicate that seniority is probably not a
good quantum number. The observed states could, of
course, be pure v=4 states; in such a case, the states
cannot be uniquely specified without further assump-
tions about the wave functions.
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