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Neutron Anomalous-Moment Contributions to Muonic Isomer Shifts in 207pb
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The muonic isomer shifts of three transitions between levels of Pb have been meas-
ured. Evidence is found for an interaction between the anomalous magnetic moment of
the neutron hole and the electric field of the 1s muon. The agreement obtained between
predicted and measured values removes the necessity to postulate a more serious reac-
tion in the proton core to changes in the state of the valence neutron than predicted by the
weak coupling model.

PACS numbers: 21.10Pc, 36.10.6v

When a nucleus deexcites radiatively in the
presence of a muon in the 1s level there is gen-
erally a shift in the energy of the nuclear y ray
from its normal value. Such shifts, referred to
as muonic isomer shifts, are usually attributed
to differences in the nuclear charge distribution
in the ground and excited states which produce
corresponding differences in the muon's binding
energy. Observation of muonic isomer shifts is
made possible by nuclear excitation during the
atomic cascade of the muon. At some stage the
muon undergoes a radiationless transition and
proceeds to the 1s level in roughly 10 " sec.
There is usually ample time for the nucleus to
deexcite before the muon is captured by the nu-
cleus (10 ' sec).

Although the hyperfine structure due to the 1s
muon does not shift the center of gravity of a lev-
el it may lead to an apparent shift in the nuclear
y ray. The populations of the excited hyperfine
levels may not be statistical because of some se-
lection rule in the excitation process. In addition,
a fast M1 Auger transition can occur between the
hyperfine levels of the excited state which depopu-
lates the upper level. A shift in the centroid of
an unresolved hyperfine multiplet will result.

Nuclear polarization by the ls muon contributes
to the isomer shift only in second-order perturba-
tion theory. In this order the effects are mainly
due to virtual excitations to highly collective
states. If ground and excited nuclear states differ
only in the sPin of a valence nucleon, the differ
ence in the nuclear polarization in these states
should be small and contribute little to the iso-
mer shift.

We report here the first evidence for a new con-
tribution to the isomer shift, and to muonic ener-
gy levels in general. For heavy nuclei the 1s mu-
on spends roughly 50/0 of its time within the orbit-
al radius of the valence nucleons. Consider the
low-lying energy levels of '"Pb shown in Fig. 1
which are fairly pure neutron hole states. ' The

interaction of the anomalous magnetic moment of
the neutron with the electric field of the muon is
given by'

g(p„/2Mc)(U„*~ —V ~ E+2io ~ Ex V~ U„) .
In this matrix element g is the anomalous moment
factor (-1.91), p„ is the nuclear magneton, M is
the neutron mass, E is the electric field of the
muon, and U~ are the large components of the neu-
tron spinor.

The first term is the Foldy term, ' while the sec-
ond can be understood classically as the interac-
tion of the neutron magnetic moment with the mag-
netic field it sees by virtue of its motion through
the muon's electric field. The second term can
be transformed to its usual spin-orbit form by
the substitutions
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FIG. 1. Low-lying energy levels of Pb. Lifetimes
in picoseconds are given above each level (calculated
value in parenthesis). Predicted hyperfine splitting
constants are given below each level. (See Ref. 1.)
Isomer shifts are reported for the indicated transitions.
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where f and g are the Dirac radial functions for the muon in the nuclear potential. We find'

W gp„(ehjMc)2T sf, g~'(r~)r„'r„'dr„f, (f'+g')r'dr.
For a neutron hole the interaction increases the

separation between the doublet P and f levels
shown in Fig. 1. These interdoublet transitions
are ideal for detecting the anomalous-moment
contribution since they involve neutrons rather
than protons, and involve no change in the orbital
angular momentum of the neutron. Shifts in the
energy of the nuclear y ray due to differences in
the charge distributions of ground and excited
states, or due to differences in the nuclear polar-
ization of these states should be minimal for such
transitions. In addition, in our approximation
[that simple oscillator functions suffice in the
evaluation of the matrix element, Eq. (1)] the
Foldy term makes no contribution to the inter-
doublet transition energy.

The interaction W occurs between the muon and
each nucleon in the nucleus. The sum over nu-
cleons with j =l + 2 and j =L —2 vanishes identically.
Moreover the sum over the twelve h„» protons
and the fourteen i»» neutrons is small because of
opposing contributions from neutrons and protons.
Most important for our work, however, is that
this sum is the same for both the excited state and
the ground state and contributes nothing to the iso-
mer shift. '

We note that the extraction of nuclear charge
densities from high-energy electron scattering ex-
periments requires that the interaction of the elec-
tron's field with the anomalous moments of both
neutrons and protons be taken into account. '

Our experiment was performed in the muon chan-
nel of the Space Radiation Effects Laboratory
(SHEL) in Newport News, Virginia. A 164-gm
lead target enriched to 92.8% in '"Pb was viewed
by both a 5-cm'x1-cm planar intrinsic germani-
um detector and by a 35-cm' coaxial lithium-drift-
ed germanium detector. For the intrinsic detector
our in-beam energy resolution at 898 keV was
1.34 keV full width at half maximum (FWHM),
while our time resolution at this energy was 2.6
ns FWHM. The coaxial detector had an energy
resolution of 4.07 keV at 1.77 MeV, and a time
resolution of 19 ns FWHM.

Standard beam logic was employed and the
SREL data acquisition system including an IBM
360/44 computer was used. For each event we
recorded both the energy and time of arrival fol-
lowing the p. -stop signal. Calibration sources in-
cluded "Cr "'I '"Au, '"Cs "Y "Na "Co,
and '"Bi, and were positioned as close as pos-
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FIG. 2. Prompt spectrum in the vicinity of the & -&
transition. Data taken with the planar intrinsic germ-
anium detector. The horizontal error bar is the detec-
tor resolution FWHM. The smooth curve is the result
of our computer analysis.

sible to the target. Muonic and calibration spec-
tra were accumulated simultaneously and with the
same electronics.

Isomer shifts in the 570-keV and 1.770-MeV
transitions were measured with respect to the
normal y rays in '"Pb from the decay of '"Bi.
The energy of the normal 2 - 2 transition is
known, 897.73+ 0.09 keV. Its emission from ' 'Bi
is extremely weak. However, the "Y source has
a y ray at 898.045+ 0.006 and provided an excel-
lent reference in this region.

Our results for the & - 2 transition are shown
in Fig. 2. We have succeeded in identifying sev-
eral weak muonic x rays whose predicted yields
are of the order of 0.01 per p stop. By normal-
izing the intensity of the nuclear y ray to the near-
by 4f,»-3d», transition (whose yield we have cal-
culated as 0.40 per p stop), we deduce a yield 0.7
+ 0.2% per p stop for the former. This is lower
than a previously reported value 1.2+ 0.3%.' The
peak at 905.5 keV appears in the spectrum of de-
layed events, while the peak at 901 keV may also
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TABLE I. Predicted and measured isomer shifts in transitions between the low-lying
levels of Pb. All entries are in kiloelectronvolts. The entries in the final column
include the hyperfine-structure corrections.

Transition Energy 1 s
b ~SIII| ~exp

3P3I2-3P ~& 2

2f ~/2-~f 5/~

2fs/2 3P&/s

897.73
1770.2
569.704

+0.51
+ 1.18
—0.34

+ 0.41 0.2-0.3 1.5 + 0.5 0.76 0.74+ 0.20
+ 0.44 1.0-1.4 6.3+ 0.8 2.38 3.3+ 0.6
+ 0.67 0.1-0.2 0.1+ 0.5 —0.19 —0.09 + 0.22

~Norma]. y-ray energy.
See Ref. 10.

See Ref. 1.
See Ref. 11.

have a delayed component.
Corrections for shifts in the centroid of the un-

resolved hyperfine multiplets in the & -&

and ~ -~ transitions of 30+200, 40+ 2QQ, and
50+ 200 eV have been calculated. ' Our independent
estimates of these corrections are in substantial
agreement. In the case of the first transition, the
half-life of the ~ level has been revised from 6
to 0.13 psec. In addition, we have observed and
analyzed the y rays feeding the & and 2 levels. "
Our analysis enables us to account for the ob-
served intensities of the y transitions from these
levels, and predicts a population distribution be-
tween the hyperfine states of each of these levels
that is essentially statistical. For the & -2 tran-
sition we find a correction of 10+ 100 eV.

Our corrected results for the isomer shifts in
all three transitions are presented in the final
column in Table I (~,„F). In column 3 (~7., )
are listed the shifts for each transition calculat-
ed using Eq. (2).

In column 4 (~F) is one set of predictions for
the isomer shifts in '"Pb. The theory of finite
Fermi systems was applied to monopole proper-
ties in the lead region, including the change in
mean square radius between ground and excited
states that is partly responsible for the isomer
shift J-~

In column 5 (~„,) is a second set of predic-
tions of the measured isomer shifts. The change
in Coulomb binding energy of the muon was ana-
lyzed in terms of a single hole coupled to collec-
tive vibrations of the nuclear core by means of
the weak coupling Hamiltonian. The spread in
predicted values results from varying the num-
ber of core and single-hole states included in the
analysis.

Column 6 (~~) lists previously quoted experi-
mental results for the three isomer shifts based
on unpublished data. "

In column 7 (~~ ) we have summed the con-
tributions from the anomalous-moment term (col-

umn 3) and the mid-range prediction of the hole-
core model (column 5). We note that the agree-
ment with our new experimental results (last col-
umn) is improved for the two interdoublet transi-
tions. For completeness we have included the
isomer shift in the intradoublet transition. " Here,
too, the anomalous-moment term is seen to have
an effect in determining the magnitude and pos-
sibly the sign of the effect.

We conclude that the spin-orbit interaction of
the anomalous magnetic moment of the neutron
hole with the electric field of a is muon is re-
quired to account for the isomer shifts in 'Pb.
This term in the muon-nucleon interaction should
produce shifts of the order of 0.5 keV in the 1s
level of all odd-A heavy muonic atoms.

Comparison of theoretical predictions for the
isomer shifts with earlier experimental results
suggested the hypothesis that the proton core re-
acts more significantly to changes in the state of
the valence neutron than anticipated by the weak
coupling model. ' We conclude that this hypothesis
is no longer supported by muonic isomer shift da-
ta.
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thank H. Siegel, H. Welsh, C. Hansen, and the
rest of the SHEL personnel for their encourage-
ment and assistance. D. J. Markevich helped
with the data analysis. This research was sup-
ported in part by the National Science Foundation
under Grant No. GP-34527.
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Complex Stabilization Method for Resonant Phenomena
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A technique is presented which can be used to compute the complex poles of the resol-
vent (defined as resonances) directly by use of a square integrable -basis ~ithout a co
ordinate rotation and without exp/i' thy imposing a boundary condition such as a Siegert
resonant boundary condition. Such a technique is directly applicable to all phenomena
which can be put in the form of a resonance such as photoionization, field ionization, and
electron resonances in atoms and molecules.

PACS numbers: 31.15.+q, 34.SO.Bm, 34.SO.Dp

The description of many interesting phenomena,
including field ionization, photoionization (in sec-
ond quantization), electron resonances in atoms
and molecules, and various combinations of these,
can be formulated in a resonance picture. That
is, the observed structure can be described in
terms of the real and imaginary parts (position
and width, respectively) of the complex energy,
E'", of a pole of the scattering matrix. '

A number of methods have been developed to
try to determine these poles of the 8 matrix. Pri-
or to the advent of the complex-coordinate meth-
od they all required an explicit boundary condi-
tion to extract the scattering information. These
techniques could be very difficult to apply to phe-
nomena such as field ionization, where the wave
function goes asymptotically as an exponential
containing fractional powers of the radial coordi-
nate for just the simple case of a hydrogenic sys-
tern in a constant electric field, and to molecular
resonances.

On the other hand, the advantage of the com-
plex-coordinate method' for computing the com-

plex poles of the resolvent operator' directly is
that for a sufficiently large rotation angle, 6, in
the transf ormation

r-r exp(i&),

the resonant wave function ((6), is square inte-
grable. Thus an explicit boundary contion is not
required to extract the complex resonant energy.
The direct application of this method to molecules,
however, results in comple internuclear separa-
tions. Although in principle complex internucle-
are separations are not a theoretical barrier, the
retention of the Born-Oppenheimer approximation
with real internuclear separations often offers a
desirable picture both conceptually and computa-
tionally. '

A number of techniques have been suggested re-
cently for applying the complex-coordinate meth-
od to molecular systems~' while attempting to
retain the concept of real internuclear separa-
tions. These involve external complex scaling or
distorted integration contours. l will. now pre-
sent arguments based on previous complex-coor-
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