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MUONIC X BAYS IN Pb AND POSSIBLE OBSERVATION OF NUCLEAR POLARIZATION*
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Muonic x rays in Pb 8 were measured with high precision and in addition two of the
weak transitions involving the 2s state were identified and measured for the first time.
The new constraints make it difficult to fit the data with Dirac energies calculated for a
finite nucleus and corrected for radiative effects. Consistency can, however, be achieved
by depressing the calculated 18 energy by 6.8x 2.3 keT, an effect tentatively interpreted
as due to polarization of the nucleus by the muon.

In recent work at the Chicago cyclotron a spe-
cial effort was made to measure the muonic'x-
ray spectrum of Pb with better statistics and

higher precision than had been achieved previous-
ly. ' Such measurements may be used to deter-
mine the size and shape of the nuclear charge
distribution by comparison with the rather exact
theory that is available for hydrogenlike aton1s
(Dirac equation), together with the applicable ra-
diative corrections. An attempt is made to at-
tribute remaining differences between theory and
experiment to nuclear-polarization effects.

Pb' was chosen because large targets of this
element with high isotopic purity are readily
available. Isotopically pure, but smaller, tar-
gets of Pb'o' and Pb' were also studied to deter-
mine the isotope shift. That work will be de-
scribed in an extensive paper.

Measurements were made with a 17-cm pure
coaxial-type Li-drifted Ge diode. The system
had a resolution of 2.5 keV at 100 keV, 4.5 keV
at 1.3 MeV, and 8.0 keV at 5.0 MeV. Pulse-
height analysis was provided with a 4096-channel
analog-to-digital converter connected to a PDP-
8/ASI-6040 computer combination. Digital sta-
bilization and a scheme for continuous monitor-
ing of the system variations served to achieve an
accuracy of about one part in 10 over a data col-
lection period of two months. Further experi-
mental details can be found in a conference re-
port by Anderson. '

In that report a preliminary analysis of the da-
ta was presented. The measured energies of the
following transitions in Pb were used to deter-
mine the nuclear-shape parameters: the two 2P-
1s transitions, the three 3d-2P transitions, and
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t = 4.394c/n. (2)

The calculated Dirac energies were corrected
for vacuum polarization, Lamb shift, and the
anomalous magnetic moment of the muon. The
two parameters & and & were varied for the best
fit. For this best fit, X' divided by the number
of degrees of freedom turned out to be slightly
less than 1 and the problem of determining the
nuclear-shape parameters of Pb' from muonic
atom data seemed to be essentially solved. Addi-
tional attention to this problem, however, showed
that the analysis could be extended.

The procedure outlined, which is customarily
used, was altered as follows:

(1) In our work on titanium~~' we found the weak
transitions from higher P states to the 2s level
and noted that, because the 2& state is strongly
affected by the nuclear shape, such transitions
should be included in the analysis whenever pos-
sible. The intensities of transitions involving the
2& state are in the heavy elements of the order of
19o of the intensity of the principal lines, which
explains why they have so far escaped detection.
However, we had a very large amount of Pb'
data and good resolution so that we were able to
identify the 3p», -2&„, and 2&„,-2p», transitions
and measure their energies with sufficient preci-
sion to justify their inclusion in the data to be fit-
ted. This was not the case for our Pb' ' and
Pb' data and we are therefore limiting our pres-
ent discussion to Pb'o'.

(2) In order to constrain the fit somewhat more
than in our preliminary work, we made use of
the fact that the fine-structure splittings are in
general measured to a higher precision than the
transition energies. We have therefore replaced
a certain number of transition energies by an
equal number of splittings. We ended up with the
nine energies and splittings listed in Table I. In
this table, &P is the fine-structure splitting of
the & line. The L& line has three components
with splittings &d and &P-&d. The ~& line has
also three components, but only the two strong

the two stronger of the three 4f 3d-transitions, a
total of seven pieces of information. The x-ray
transition energies were calculated by solving
the Dirac equation numerically for a nucleus with
a two-parameter Fermi shape of the form

P(r) = Poll+ exP[n(r/c —I)])
Here c is the half-density radius and the second
shape parameter n is related to the usual skin-
thickness parameter t by the relation

Table I. Analysis of the principal muonic x-ray
lines in Pb2 6

(I) (2)
Transition or
fs sptitting

I 3dwa 2pl/2
2 hp
3 hp-Dd
4 3 ps~-2s )/2
5 2s, /p-2p
6 2pl/g Is~/2
7 4fs/2 3ds/p
8 hd

&d-h, f

(3) (4) (5)

Eexp(keV)

2643.75
I 85,65
I 42.30

I 507.93
I 217.8I
5788.33
971.74
43.47
33.98

0.36 0.47
O, I2 O. I5
0.24 0.25
0.80 0.82
0.80 0.82
0.48 0.93
0.20
0.44
O. IO

(6)

Ecaic

2644.56
I 85.70
l42.83

I 508.90
l2 I 6.24
5787. I 2

97 I .86
42.87
33.68

Ecaic

2644.07
I 85.46
l42.60

I 507.64
I2 I 7. I I

578 I ~ 54
97 I .85
42.87
33.67

Energies fitted
Number of parameters
N = number of degrees of freedom

X /N

rp

C

t

I-6
2
4

3.59
I.I979+o.ooo9

I 3.99+o.se
6.692 + o.oa5

2.I02+o.ore

I-5
2
3

l.42
1.1987+o.ooos

l437+O,SI
6.7 I 5+ o.oI9

2.053+o.o55

ones are well separated and their splitting is la-
beled &d &f. —

In Table I, we list the measured energies in
column 3 along with the experimental error 6E.
Three more points of difference between our pre-
liminary treatment and the present analysis are
of secondary importance, but should be men-
tioned for the sake of completeness.

(3) The amount of data included in the present
analysis has been increased, resulting in small
differences between the energies quoted in our
preliminary report' and the present work. These
differences, however, never exceed a fraction of
the quoted experimental error.

(4) The vacuum polarization correction was cal-
culated to first order in & according to the theory
of Glauber, Rarita, and Schwed. We estimated
that the uncertainty in the theoretica, l prediction
is of the order of I'%%uo of the calculated value of
the vacuum polarization and this uncertainty was
folded in with the experimental error &E before
the fit was made. The compound errors ~E
which were used in the fit appear in column 5 of
Table I.

(5) Only six energies were used in the fit be-
cause it turns out that the f dtransition ene-rgy
and the d splittings are insensitive to a change of
the shape parameters over a wide range. The
values of the latter three energies have, howev-
er, been calculated from the fit and can be checked
for consistency.

When the fitting procedure is applied to the
first six energies of Table I, one obtains the pa-
rameters a.nd calculated va.lues of the energy,
Ecalc, as shown in column 6 of the table. It is
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seen that the fit is not very good, the X' per de-
gree of freedom being equal to 3.6. In order to
try to improve the fit, we have also used a nu-
clear charge distribution of the Fermi type with
a parabolic depression,

p(r) = p (1+mr /c )(1+exp[n(r/c-1)]j

It turns out, however, that the fit is not improved
by taking ~ different from zero. Similarly, we
have not been able to improve the fit significant-
ly by assuming the existence of a nuclear halo as
suggested by Barrett et al.' While we cannot ex-
clude the possibility that a charge distribution of
different shape might produce a better fit, the
search for such a charge distribution could ha.rd-
ly be made meaningful until a proper account of
possible nuclear effects, especially the nuclear
polarization, can be given. Corrections for the
latter have not been made so far for lack of solid
theoretical calculation. We therefore restrict
the present discussion to the two-parameter
charge distribution (1).

Since the nuclear-polarization effect is great-
est when the muon is in the 1s state, a more re-
liable measure of the nuclear-shape parameters
should be obtained by excluding the 2p-1& transi-
tions from the sample to be fitted. This was
done by fitting the energies 1 to 5 of Table I,
with the result given in column 7. It is seen that
X2 is now only 1.4 per degree of freedom. On

the other hand, the calculated 2P„,-ls„, energy
difference turns out to be 6.8+ 2.3 keV lower
than the experimental value. We assume, tenta-
tively, that this difference is significant and is
due to nuclear polarization.

The shifts due to nuclear polarization were re-
cently calculated by Cole' ~

' and Chen" using
the experimental inelastic electron scattering
cross sections which contain the same nuclear
electromagnetic transition vertex as the disper-
sion corrections to the muonic energy levels.
Cole's calculations cover the range of elements
from &= 8 to Z=70, taking into account average
nuclear properties, and his results must be ex-
trapolated to ~=82 in order to be applicable to
our experiment on lead. Chen's calculations, on
the other hand, refer specifically to Pb' '. Both
results are in good agreement. The estimated
nuclear polarization contribution to the ls level
energy is 5.7 keV (+50 /o) according to Cole and
6.0 keV (+30 "k) according to Chen. These results
are compatible with the discrepancy we have
found between the calculated and experimental
value of the «energy. Although this agreement

r, =1.19 9~ 0. 001 (+0.001) F,
i= 2.1+0.1 (+0.1) F. (4)

Here, the first error is the measurement error
and the second error, in parentheses, is an es-
timate of a possible systematic error introduced
by the uncertainty in the treatment of the polari-
zation correction. This estimate was arrived at
by considering extreme values of the nuclear-
shape parameters obtained in various approaches
such as those leading to the results in columns
6 and 7 of Ta,ble I.

In conclusion, while it is still too early to con-
sider this analysis as an actual measurement of
nuclear polarization by the muon, it tends to
show that the possibility of studying this elusive
effect is just around the corner. It is also evi-
dent that a more accurate calculation of the po-
larization correction is required before we can
test the model to the accuracy inherent in the ex-
periment.
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is suggestive it is still too early to draw definite
conclusions for two reasons. First, the present
analysis is based on the use of a Fermi charge
distribution and is therefore not as general as
one would like. Second, if nuclear polarization
is present to the extent predicted by the theoreti-
cal calculations, it should affect also the higher
energy levels. If such a correction were includ-
ed in the calculation, the predicted && energy
could be expected to be different from the value
we have obtained. Ideally, one would like to fit
the whole set of experimental data with calculat-
ed energies which include the corrections for nu-
clear polarization. This, however, does not
make much sense as long as the theoretical un-
certainties of the polarization corrections are
much larger than the experimental errors. Our
attempt to fit the data with Cole's or Chen's pre-
dictions was inconclusive.

The nuclear-shape parameters obtained in this
experiment are as follows:
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We report the first ultrasonic, electron-paramagnetic-nuclear double-resonance ex-
periment. This experiment was performed on CaF2.U +, and the results indicate that
the ultrasonic-paramagnetic-resonance absorption line is inhomogeneously broadened
due to superhyperfine interaction. These results are compared with a theoretical model
for superhyperfine interaction in CaF2.U

Strong ultrasonic -paramagnetic -r esonanc e
(UPR) absorption lines have been reported for the
non-Kramers U + ion in trigonal sites in Cap, .'
The corresponding EPR lines are relatively
weak. Satellite components have been observed
in both the EPR and UPR spectra and interpreted'
on the basis of a theoretical model as superhy-
perfine structure arising from the interaction of
the substitutional U~+ ion with its eight nearest
neighbor F"nuclei. The observed satellite com-
ponents correspond to the transitions ~&Ms ~

= 2,
~AMI~ = 1, whereas the components corresponding
to the transitions ~&M

~

= 2, &Ml =0 are complete-
ly unresolved. The results of this analysis sug-
gested a double-resonance experiment similar to
an electron-nuclear double-resonance (ENDOR)
experiment in EPR. Such an ultrasonic electron-
nuclear double-resonance, or UNDOR, experi-
ment would be quite significant in that it is a
technique for performing ENDOR-type experi-
ments on paramagnetic crystals which have rela-
tively weak EPR but strong UPR absorption. In
this experiment we demonstrate for the first
time the feasiblity of this technique and use it to
study the superhyperfine structu" e which is ex-
pected to contribute to inhomogeneous broadening
of the observed main UPR component, namely the
~&Ms~ = 2, &Ml =0 transitions. The usual prob-

lems concerning the coil-cavity combination in
ENDOR are not present in UNDOR, since an rf
coil may be wound directly upon the crystal which
is external to the UPR cavity without affecting
the cavity Q in any manner.

We have observed changes in the UPR absorp-
tion as a function of the frequency of an applied
rf signal. With fixed applied resonance magnetic
field, the change in the absorption of ultrasonic
waves was measured, as the frequency of the ap-
plied rf signal was varied, by observing the
change in the height of an echo that resulted from
one or more passes of the ultrasonic pulse through
the sample. A conventional x-band UPR spec-
trometer' with a two-turn rf coil wrapped around
the sample, which is outside the UPR cavity, was
used for these experiments. The coil was posi-
tioned such that the rf field Hrf was always per-
pendicular to both the applied field H, and the
symmetry axis of the impurity site.

In this experiment 4-p. sec ultrasonic x-band
pulses were generated at a repetition rate of 500
pps. The first echo was observed. In order to
avoid undue heating of the rf coil which was in
liquid helium, the rf signal was pulsed such that
it was on just prior to and during the time of
transit of the ultrasonic wave. %e have used cw
radio frequency in these experiments with no


