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We have measured fine-structure splittings in atoms formed by antiprotons with both
lead and uranium. Since the fine structure is produced by an interaction between the
magnetic moment of the antiproton and the Coulomb field of the nucleus, a value for the
magnetic moment can be derived from the observed splitting, We find a magnetic mo-
ment of —2.83+0,10 nuclear magnetons which agrees with the TCP prediction,

Although the antiproton is a stable particle, it
has a short lifetime in matter, which hinders
measurement of its magnetic moment. The only
other measured property of the p, its mass, was
determined in order to verify the identity of the
particle when it was discovered.! If the TCP the-
orem is true, both the masses and magnetic-mo-
ment magnitudes of the proton and antiproton
must be equal and the magnetic moments must
have opposite signs. We have determined the p
magnetic moment by measuring the fine-struc-
ture splitting of x rays emitted in atomic transi-
tions of p’s. X rays from p atoms have been ob-
served at CERN in a measurement of the p mass,
but the fine-structure splitting was not resolved.?

The magnetic moment can be written as

L=(8+&) My,

where L, is a nuclear magneton, g,=1 for the
proton and —~1 for the p, and g, is the anomalous
part of the magnetic moment, equal to 1.79 for
the proton. Then the fine-structure splitting of
an atomic level is given by?®

(aZ)* m

AE=(go+2g1) M3 Z(T-—I-—l_)’ (1)

where Z is the nuclear charge, m is the reduced

mass of the p-nucleus system, and » and / are

the principal and orbital angular-momentum quan-
tum numbers, respectively, of the atomic level.
Therefore, a measurement of the fine-structure
splitting gives the magnitude and sign of g,, the
anomalous part of the magnetic moment, which
can be compared to the proton’s g,.

The experiment was performed at the alternat-
ing gradient synchrotron of the Brookhaven Na-
tional Laboratory. A beam of p’s was formed by
placing a 3-in. copper target in the 30-GeV ex-
ternal proton beam. The p’s, produced at an an-
gle of 103° with a momentum of 750 MeV /c,
passed through a magnet system with a solid-an-
gle acceptance of 2.6 msr. The beam was sepa-
rated and stopped in an x-ray target 15 m from
the production target.* The p beam intensity was
1150 per pulse of 10'2 protons on the production
target, with a 77/ ratio of 75. Of these, 340 per
pulse stopped in a 5-g/cm? thick target.

Six counters were used to identify a stopping p.
Counters 1-4 were made from plastic scintilla-
tor, and a Cherenkov counter C was made from
Lucite for counting pions. Two pulses were tak-
en from counter 3—an anode pulse (3,) for logic
and a dynode pulse (3,) for energy discrimination.
Since p’s stopping in the target should lose more
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FIG. 1. Atomic-level diagram for the 11-10 transi-
tion. Arrows indicate allowed transitions. The inten-
sity ratio a:b:¢=209:1:189, assuming the levels are
statistically populated.

energy in counter 3 than pions which pass through
the target, the discrimination threshold on pulse
3, was set high to count only p’s. Also, a time-
of-flight signal Z was derived from a counter
placed about 8 m upstream. The signature for a
stopping p was 123,3,4 CZ count.

Antiprotons were stopped in both natural Pb
and U?% targets, and x rays were observed from
the subsequent cascade through the atomic levels.
The x rays were detected with a 50-cm?® Li-drift-
ed Ge detector (Princeton Gamma-Tech) which
had a resolution (full width at half-maximum) of
0.9 keV at 122 keV. The data were stored in a
4096-channel pulse-height analyzer (Kicksort,
model 711 A), and the gain of the detection sys-
tem was stabilized on y-ray lines from !*2Eu and
137Cs. The transitions with largest intensity were
between atomic levels with n =7 +1. The highest
energy transition observed in lead was the n =10
to n=9 transition; but this transition is close in
energy to the 13-11 transition which could ob-
scure a measurement of the fine-structure split-
ting, so the 10-9 transition was not used in our
analysis. Since the p is captured by the nucleus
from the n =9 level, the 9-8 transition and other
higher-energy transitions were not observed.
Therefore, the 11-10 transition was chosen for a
fine-structure analysis.

Figure 1 shows the x rays which can be ob-
served for transitions between the n=11 and n
=10 levels. Only two lines are seen because the
n=11, j=¥ ton=10, j=¥ x ray is very weak in
intensity; thus the observed splitting is equal to
the difference of the splittings in the =10 and »
=11 levels. The data for this transition are
shown in Fig. 2. The positions of the centroids
were determined by fitting Gaussian peaks to the
data, and the best-fit peaks are shown. For the
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FIG. 2, n=11 to n=10 transition in (a) lead and (b)
uranium, The lead data represent the results of 32X 108
stopping »’s, and the uranium data 36x 108 stopping p’s.
The curve shows the results of fitting two Gaussians to
the data.

two lines observed, the expected intensity ratio
of the low- to high-energy peaks is 1.11, whereas
we measure 1.29+0.17 for uranium. Since the
lines in lead were not well resolved, we con-
strained the areas of the two peaks to equal the
expected ratio of 1.11. The separation of the
peaks in lead was determined to be 7.80+0.65
channels, and, with our gain of 0.154 keV/chan-
nel, we obtain a fine-structure splitting of 1.20
+0.01 keV. For uranium we derived a splitting
of 1.91+0.09 keV. The errors are due to the sta-
tistical uncertainty of the data, and equal to 1
standard deviation.

From Eq. (1) we find g, =—1.83+0.19 for Pb
and —1.84+0.11 for U, which can be combined to
give an average of —1.83+0.10. This result is in
good agreement with the magnitude of the proton’s
anomalous moment of 1.79 but opposite in sign,
as predicted by the TCP theorem.
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ERRATA

FINAL-STATE INTERACTIONS IN NONLEPTONIC HYPERON DECAYS. J. H. Reid and N. N. Trofi-
menkoff [Phys. Rev. Lett. 27, 274 (1971)].

Equation (10) should be replaced by
Z(a,0) =[(M; +Mg — Mg +M)/ 2M ;] exp[ p(=Mg) = p(=M,) +i6y. (My) ]+ [(M, =My +Mg — M, )/2M,)

xexp[ p(=Mg) = p(M,) +16,. (M,,)] .

Then the fit to the experimental decay amplitudes obtained with 7=0.625, D=~ 2,93 x10"5 MeV, and
F=3.87x10"° MeV is A(A.%)=1.50, A(Z,*)=~0.36, A(2 ")=1.87, A(E.")=—-1. 98, BA%)=11.1, B(z,*)
=20.9, B(Z.")==-0.7, and B(5.")=3.9, in units of 105 MeV~-1/2,

CALCULATION OF LOCAL EFFECTIVE FIELDS: OPTICAL SPECTRUM OF DIAMOND. J. A. Van
Vechten and Richard M. Martin [Phys. Rev. Lett. 28, 446 (1972)].

The discussion around Eq. (7) should read as follows: The scattering efficiency is proportional to a
factor 1¢(K)!? in the notation of Freund and Levine,'® which may be shown to be

(p(K) =€’ R.oeo.o/(eo,o -1). (7)

In the present RPA calculation we find the largest ¢ to be ¢(111)= 0.03, nearly an order of magnitude
smaller than the value of 0.28 estimated in Ref. 16 on the basis of a rigid-bond-charge model.

NEUTRON AND PROTON FORM FACTORS. C. L. Hammer and T. A. Weber [Phys. Rev. Lett. 28,
1675 (1972)].

A change in definition of the function G ,(k?) to include a factor of ; was not made in Eqgs. (15) and (16)
of the published version. These equations should read, respectively,

= (2m)%ie%, (p,)y wu, () 2%, (p My [1 - if 2 ¥ (R2)G ,(R?)]
+0uyky [y /2m, = i YRGB e, (p)6(D, 405 = by~ p,), (15)

B\ ifon "f , m/m' ) Z (m',my, m*) B2+ 3m 2 F Y (%)
GMk) z(217m) edm (m,_ml)(m,_ml*) k2+m/2_i€ o

(16)
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