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Measurement of the magnetic moment of the negative muon bound in heavy atoms
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The magnetic moment (g factor) of the negative muon bound in the 1s state of Zn, Ge, Cd, and Pb atoms
was measured. A considerable difference between the present experimental results and that of theoretical
calculations and results from earlier measurements is observed.
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As follows from theoretical calculations [ 1-3] and experi-
mental investigations [4-8], the magnetic moment of the
negative muon bound in the ls state of an atom differs sub-
stantially from that of the free muon. The principal correc-
tion to the magnetic moment of the negative muon arises
from its relativistic motion in the Coulomb field of the
nucleus. In the pointlike nucleus approximation the relativis-
tic correction to the muon g factor depends on the nuclear
charge Z as [1]
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where gzee and gllf are the g factors of the free muon and the

muon bound in the ls state of an atom and « is the fine
structure constant.

The relativistic correction to the magnetic moment of the
electron in the 1s state of hydrogen and hydrogenlike ions of
light atoms (He'*, C°*, N® and O7*) was measured with
high accuracy [9-12]. There is an excellent agreement be-
tween experimental results and theoretical calculations. The
correction to the magnetic moment of the negative muon
bound in an atom differs from that for the electron due to the
finite size of the nucleus and the much smaller Bohr radius of
the muon in the 1s state (==1/206 of the Bohr radius of the
Ls electron) [3]. This difference is more substantial for me-
dium and heavy atoms, as in atoms with Z>30 the muon
Bohr radius is comparable with the size of the nucleus.

The experimental data on aLS for atoms with Z=<20 are
consistent and agree with the theoretical calculations. For
higher Z atoms, such as Zn and Cd, the data obtained in Refs.
[6,7] disagreed with the predictions of the theory [3] by more
than five standard deviations but in a recently published pa-
per [8] this result was not confirmed. This moved us to carry
out additional precision measurements for medium and high
Z atoms.

The measurements were performed at room temperature
(T=300 K) on the same Zn and Cd samples studied earlier
[7], as well as on three new high purity samples: Zn (abun-
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dance of the main element is 0.9999), Ge (overall concentra-
tion of impurities less than 1 ppm), and Pb (abundance of the
main element is 0.99999). As a reference, a graphite sample
was also measured. The high purity samples were used to
minimize the possible contribution of the Knight shift to the
measured muon spin precession frequency. From this point
of view, the measurement in n-type single crystal germanium
(concentration of As impurity 1.5X 10" cm™; resistivity
0.6 Ohm cm at T=300 K) is most important. Germanium (as
well as silicon) with covalent chemical bonds is a diamag-
netic material. At room temperature the concentration of free
charge carriers is at least by 6 orders of magnitude lower
than in a metal. Therefore, in germanium the value of the
Knight shift should be reduced to zero. This conclusion is in
good agreement, for example, with the results of NMR mea-
surements in boron doped silicon [13]. Tt is necessary to note
that experimental data on the Knight shift in Zn, Cd, and Pb
with impurity concentrations <2% are absent (see, for ex-
ample Ref. [14]). Possible influence of the Knight shift on
the results of measurements of the negative muon g factor
has been discussed in detail in Refs. [6,7].

The g factor of the muon was determined by the measure-
ment of the muon spin precession frequency in an external
magnetic field. The frequency of the muon spin precession
was extracted from the time distribution of electrons from
the decay of muons stopped in the sample (the uSR spec-
trum) measured with a time-to-digital converter (TDC). We
used two types of TDCs: an ORTEC 9308 pTA picosecond
time analyzer, and a CAEN V1190B (for the measurements
with Zn and Pb samples). For the 9308 pTA we carried out
an “offline” calibration using a Rohde & Schwarz SML 01
precision quartz clock of a frequency of 100 MHz. The mea-
sured nonlinearity of the TDC was within 10™*, which
matches to its specification.

The measurements were performed at the GPD spectrom-
eter at the uE1 muon beamline of the Swiss Muon Source
(SuS). The external magnetic field of 2.5 kOe was created
by Helmholtz coils. The fraction of muons stopped in the
samples was at least 96%, which is important for decreasing
the background components in the experimental spectra.

The polarization of the #E1 muon beam is approximately
80% (at 60 MeV/c), this is about a factor of 2 higher com-
pared to the polarization of the muon beam in Ref. [8]. Note
that the statistical error in the determination of the muon spin
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FIG. 1. Muon spin precession signals in Zn (a), Ge (b), Cd (c),
and Pb (d) measured in a magnetic field of 2.5 kQOe (the bin width is
1.25 ns for Zn, Ge, and Cd samples and 1.1718 ns for Pb). The data
are corrected for the muon lifetime in the 1s state of the atom.

precession frequency from the experimental data is inversely
proportional to the value of the muon polarization P and the
magnetic field Aw/w~ (PH VN)™!, where H is the magnetic
field and N is the number of collected events. The experi-
ment [8] was performed at a magnetic field of 20 kOe.

For each sample the measurements were repeated two or
three times. Four electron telescopes were used to detect
muon decay events. Therefore, for each sample eight or more
spectra of the time distribution of the decay electrons were
obtained. For all the samples a clear muon spin precession
signal in the transverse magnetic field was observed (see Fig.
1).

The experimental data were fitted in the time domain by
the least-squares method using the function

2
N(1)= 2 No[[1 + Gi()]e™"7 + b,
i=1

)
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where N, is proportional to the number of muons captured
by atoms of type i (apart from the sample, some fraction of
muons stop in the scintillation counters); 7;, P;, w; are, re-
spectively, the muon lifetime, the muon spin polarization,
and the spin precession frequency in the 1s state of the atom;
¢; is the initial phase of the muon spin precession; and bg is
the background.

In the #E1 muon beam there is an admixture of electrons
with a time (“bunch”) structure reflecting that of the proton
beam of the accelerator. This allowed an “online” calibration
of the setup under real operating conditions. The time struc-
ture of the proton beam is determined by the frequency of the
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FIG. 2. Fourier transform of the transverse field experimental
data for the Ge sample. The peak at 33.6 MHz corresponds to muon
spin precession in the external magnetic field of 2.5 kOe. The peak
at 50.63 MHz is due to an admixture of electrons with “bunched”
time distribution in the muon beam.

accelerating field set up by a high stability quartz generator
(f.c=50.6330 MHz). The online calibration was done by fit-
ting the bunch frequency in a set of time windows of 1.707
(7 is the muon lifetime for the given atom) in different parts
of the uSR spectra as bg=by+2,b, cos(2nf,.+ ¢,). Within
the experimental accuracy of 3X 10~ the bunch frequency
was found to be equal to f,. in the whole TDC range. In Fig.
2 the result of a fast Fourier transformation of the uSR data
for Ge is presented. The raw uSR data were corrected for
the constant background and the muon lifetime in Ge (7
=166.5 ns [15]). The bin width was 0.625 ns and the time
window wused for the fast Fourier transform was
(50-390) ns. Both the frequency corresponding to the muon
spin precession in the external magnetic field of 2.5 kOe and
the bunch frequency at 50.63 MHz are clearly seen.

Thus, the same spectra were used for determination of the
muon spin precession frequency and for calibration of the
TDC time scale. In total for the studied samples 48 wSR
spectra were fitted by the least square method to the function
(2) with the Xiz values in the range 0.96—1.07. The measured
values of the muon spin precession frequency w were used to
calculate the correction a ° to the muon magnetic moment as

(gfree ) / gfree ( wfree w) / wfree (3)

where ™ is the spin precession frequency of a free muon.
It was determined from the precession frequency of the posi-
tive muon spin in copper in the same magnetic field, taking
into account the Knight shift of (60.0+2.5) X 107 [16].

The measured values of the asymmetry coefficient (P/3)
of the angular distribution of electrons from the decay of
muons, o and a * are given in Table I. As 1n Ref. [8], no
corrections are 1ntr0duced into the value of a'’. As is seen,
for the carbon sample there is good agreement in the allf
value between the results of different experiments and of
theoretical calculations. At the same time our results for Zn,
Cd, and Pb substantially differ (about eight standard devia-
tions) from that of Ref. [8] (the present values of allj coincide
within experimental errors with the ones obtained earlier in
Refs. [6,7]). There is also a discrepancy between our experi-
mental data and the theoretical calculations for Zn, Cd, and
Pb atoms. The result of Ref. [8] for Pb also deviates from the
theoretically predicted value.
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TABLE 1. Measured frequencies and amplitudes of the spin precession and the g-factor shift (relative to
the free muon) of the negative muon bound in various atoms. For the positive muon in copper the precession
frequency is corrected for the value of the Knight shift [16].

Sample Frequency (MHz) P/3 (%) 10*x (gﬁee— gllf)/ ggee

Cu (%) 33.8772+0.0007

C 33.8523+0.0013  5.30£0.03  7.3+04"  7.520.2° 7.18£023°  82¢
Zn 33.652+0.021 1.73£0.05  67+6 75£9° 115.0£2.6° 129¢
Zn(0.9999) 33.625+0.021 1.68+0.05 736"

Ge 33.617+0.022 1.69+0.04 777"

cd 33.73420.036 1.10£0.04  42+10° 6722 21575° 218
Pb(0.99999) 33.625+0.084 1.60+0.10  75%25° 260733° 383¢

Present results.

PExperimental data from Ref. [6].
“Experimental data from Ref. [8].
Theoretical calculation from Ref. [3].

As we already discussed in Refs. [6,7], the discrepancy
between the results of the theoretical calculations and experi-
ment could arise from the following: (a) the measurements
are performed in a medium and the effect the medium is not
taken into account in the calculations; (b) in the case of
heavy atoms, when the muon Bohr radius is comparable with
the radius of the nucleus, the theory fails to calculate the
value of the correction to the negative muon g factor.

The reason for the large discrepancy between our data and
the results of Ref. [8] is not clear, but the performed offline
and online calibrations imply that the systematic error in our
measurements is negligible. It is worth mentioning that the
present results for Zn, Cd, and Pb are based on approxi-
mately 12 times larger statistics than the results of Ref. [8].

We are grateful to the Directorate of the Paul Scherrer
Institute for allowing us to carry out the experiment at PSI.
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