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ABSTRACT

A high-precision measurement of the fine-structure splitting in the circular 11 — 10 X-ray
transition of p***Pb was performed. The experimental value of 1199(5) eV is in agreement with
QED calcuiations. From that value the magnetic moment of the antiproton was deduced to be
—2.8005(90) gnucr- With this result the uncertainty of the previous world average value was reduced
by a factor of = 2. A comparison with the corresponding quantity of the proton now yields:
(o — [<ppd )/ = (—2.4 £ 2.9) x 1077,
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1. INTRODUCTION

The method using exotic atoms is a proven means of determining elementary-particle properties
and of studying hadron-nucleon interactions at rest. Owing to the spin “; of the antiproton the
atomic levels are split into two components, with the spin parallel to the angular momentum in the
more weakly bound state. From the size of this splitting, deduced from the energies of X-ray
transitions populating the atomic level under consideration, the magnetic moment of the antiproton
can be obtained. The fine-structure splitting usually amounts to roughly 1% of the total binding
energy of the states. With the resolution of solid-state detectors one can resolve the X-ray multiplet
only for heavy p atoms. Since antiprotons interact also through strong interaction with nucleons,
deeply bound atomic states are perturbed; they are shifted in energy and broadened. Hence one has
to choose a highly excited atomic state where the strong interaction does not play any role. In the
measurement presented here the 11 = 10 transition p*°*Pb was selected.

The pure low-energy p beam delivered by the Low-Energy Antiproton Ring (LEAR) at CERN
made a remeasurement of the magnetic moment of the antiproton attractive. It was possible to use a
thin isotopically pure 2*®Pb target so as to reduce background and systematic errors considerably.
Preliminary results were already presented elsewhere {1, 2].

A precise measurement of the p magnetic moment always allows the validity of the CPT theorem
to be tested by comparison with the corresponding quantity for the proton. However, one is also
interested in the detection of binding effects since the antiproton is off-shell in the p-nucleus system.
This certainly affects the magnetic moment, as in the case of muonic atoms [3]. In p atoms, however,
other effects should show up in addition, which reflect the hadronic nature of the antiproton [4].

2. THE ELECTROMAGNETIC p LEVELS AND X-RAY TRANSITIONS

The motion of a spin-Y/, particle in 2 Coulomb potential is described by the Dirac equation.
Different from the electron the antiproton has a large anomalous magnetic moment. The total
magnetic moment is

hp = —(1 + }f),u-nucl . (l)
The solution of the Dirac equation for a point nucleus given in Pauli approximation [5] is
AEqg = (1 + 2x) (mc?/2) {(Ze)*/[0%0(€ + D]} , 2)

where m is the reduced mass of the p-nucleus system, and n and ¢ are the principal and orbital
angular momentum quantum numbers, respectively.

On the other hand, the eigenvalue problem for the Dirac equation can be written as follows,
including also higher QED corrections [6, 7]:

Elyy = (T + Veoul + Vi ++ Vg1 + Vee)ld) . 3)

Here T and Vcow are the kinetic energy and the Coulomb potential, respectively. The term V.,
describes the contribution of the anomalous magnetic moment and V., contains the vacuum
polarization of the order of aZa and «Zo?. Finally Vpe denotes correction terms that can be treated
as perturbations, including, in general, vacuum polarization up to the order of a(Za)’, the finite-size
effect, the electric and magnetic hyperfine structure, electron screening, recoil corrections, and
nuclear polarizability. The author of Refs. {6, 7] has integrated the Dirac equation numerically and
calculated the fine-structure splitting for various p atoms under the assumption that
x (= 1.7928456) is the same for the proton and the antiproton.



The fine-structure formula given by Bethe and Salpeter [Eq. (2)] was extended to include recoil
contributions [8].

AEx = [1 + 2x(m/my)} mc?/2) {(Za)*/ 034 + 1))} . (4)

This was then extended to include also vacuum polarization [9]. In a recent paper the fine structure in
p atoms was calculated perturbatively to higher order in the vacuum polarization potential, and in
relativity, including all orders of recoil corrections for light [10] and heavy [11] p atoms.

For the determination of the magnetic moment, only those atomic levels were considered where
the strong interaction is negligible. The allowed transitions a, b, and ¢, between two levels, are shown
in Fig. 1. By measuring the energy difference between the components of the triplet, » can be
determined directly. In the absence of disturbing effects, the intensity ratio of these transitions is
given by the relation

La:Tv:le = J(2) + 3):1:0(25 + 1) — 11, (5)

which shows the dominance of the two components a and ¢ with increasing total angular momen-
tum j (choice of j in Fig. 1).

For the selection of a transition to be measured with high precision, it is important that the
energy difference between these components be larger than the detector resolution. As is obvious
from Eq. (4), this can be achieved by selecting a heavy nucleus. Moreover, there should be no
hyperfine structure (vanishing nuclear spin) in order to have only three X-ray transition components.
Also this X-ray region should be free from disturbing X-rays or nuclear v-rays. The transitions
12 ~ 11(222.2 keV) and 11 — 10 (292.5 keV) in $***Pb fulfilled these conditions and were selected as
candidates.

3. THE APPARATUS

The experimental set-up consisted of a scintillator telescope, a wedge-shaped polyethylene
degrader, and a target of circular shape. Five high-purity Ge semiconductor detectors (D1-D5) were
placed around this target. An incoming antiproton was defined by the coincidence signal of the two
scintillation counters. The degrader was used to slow down the antiprotons in order to let them stop
in the 300 mg/cm? metallic target (diameter 3 cm). The p X-rays were detected in a range up to
675 keV. The characteristic data of the detectors are given in Table 1. The electronics and
data-acquisition system are described elsewhere in detail {1, 12-14].

The data were taken during two LEAR running periods at p momenta of 200 MeV/c and
300 MeV/c. A total of 654 million antiprotons were stopped.

4. DATA ANALYSIS
The evaluation of the X-ray spectra was done as described elsewhere in more detail [12, 13]. We
shall give in the following just a brief summary.

4.1 The calibration

The Ge detectors were first calibrated with standard radioactive sources of *Se, '**Ba, and
2#1Am, when the beam was off. This was taken as a zero-order calibration. For the final in-beam
calibration those p°®*Pb X-ray transitions were taken which were not perturbed by the strong
interaction. The calibration peaks were fitted with a single Gaussian line and a linear background. In
all cases it was sufficient to use a linear polynomial for the energy calibration. The detector
resolution as a function of energy was also determined from these fits.
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4.2 Evaluation of the p°**Pb 11 — 10 lines

Each observed X-ray transition n = n — 1 consists, in principle, of one circular transition
(between levels with maximal angular momentum) and parallel transitions, all having components a,
b, and c. Only parallel transitions with more than 1% of the total peak intensity were included in
the fit. It turned out that only the circular trapmsition n, { = n — 1>—» n" =n-1,{" = n-2)
and the first parallel transition jn, ¢ = n—2) > |n*=n—-1,¢" = n—3 ) of the p *®*Pb 11 > 10
transition had to be taken into account.

Since the intensity of component b is less than 3%o of the total intensity of the 11 — 10 transition
and its energy value is well outside the doublet, only components a and ¢ were considered in the fit.
For all fits the background was assumed to be linear. For the final determination of the p magnetic
moment only the 11 — 10 transition in p***Pb was evaluated, since the 12 — 11 line could not be
resolved by any of the detectors used. Figure 2 shows the two transitions for one of the detectors
used. :
Initially the fit was done with the energies of the two main components of the circular and first
non-circular transitions set to the theoretical value [15, 16]. The Gauss widths were set equal for all
four peaks and varied together in the fit. Finally the intensity ratios of the fine-structure components
were set to the value given by Eq. (5). In this way the intensity of the first non-circular transition I'*"
could be determined directly from the measured line doublet, since the fit was very sensitive to the
energy differences between the circular and the paralle} transitions. Its contribution to the total
intensity was found to be I'*T:I" = 3.8% + 1.1% (average of all detectors). This method has the
advantage of being independent of cascade calculations and is thus model independent.

In a second step, the positions and the intensities of the first non-circular doublet were fizxed and
only the circular transitions were fitted, with their energy being varied independently. The intensity
ratio I8 : 1S so deduced corresponds to a statistical population in then = 10, £ = 9 level. As a check
then the intensity of the first parallel transition was computed again with the energy and intensity
values of the circular transition from the second approach as input. The variation of the intensity was
found to be negligible with respect to the given error.

The total experimental error of the fine-structure-splitting measurement in the circular
transitions contains, besides the statistical uncertainty, (i) the calibration error, (ii) the uncertainty
of line-shape corrections, (iii) the uncertainty in the intensity of the parallel transition, and (iv) the
error due to the variation of the widths of the fit region each one being of the order of 2 V. These
errors have been added in quadrature for each detector. In Table 2 the final fine-structure splitting
determined for each detector is given. All values agree within the errors. Their weighted mean is also
given in Table 2, together with the intensity ratio and the ratio of the first non-circular to the circular
doublet.

5. RESULTS AND DISCUSSION

The fine-structure splitting of the p 11 — 10 transition in ***Pb was measured to be AE =
(1199 = 5) eV. This agrees well with the numerical QED calculation by Borie [6], who obtained
AE = 1196 eV, and with the perturbative evaluation by Bohnert et al. [11], who obtained AE =
1194.8 V. In both calculations » was the same for protons and antiprotons. (Moreover, note that
using Eq. (2} one arrives at a value of AE = 1171 eV when using the x value of 1.7928456.) On the
other hand, by adjusting x so that the numerical calculation of Ref. [6] reproduces the measured
fine-structure splitting, one finds for » the value 1.800 + 0.009 while the adjustment to the analytical
calculation of Ref. [11] leads to the value 1.801 + 0.009. Consequently, for the magnetic moment of
the antiproton, we have an average value of

pp = — 2.8005(90} pouet -



This compares well with previous measurements [17, 18]; however the uncertainty is reduced by a
factor of = 2. The magnetic moment of the proton [19] has the value

Hp = 2-7928456(11) Enucl -

Hence we confirm that the absolute value of the magnetic moments of the proton and the antiproton
are in agreement within 2.9 x 10~ 3:

(tp ~ KppdD)/pp = (2.4 £ 2.9) x 1077 |

This result is equivalent to an equally precise CPT test for this baryonic property. The agreement
with the theoretical calculations [6, 11], which do not include binding effects, leads us to the
conclusion that those effects as observed for the bound muon [20, 21] and as conjectured for bound
nucleons [4] do not alter the fine-structure splitting in heavy p atoms nor do p binding effects change
the magnetic moment of the antiproton at this level of precision.

The uncertainty is still mainly limited by statistics. We hope to reduce it in the future with results
from further measurements of the fine-structure splitting in p *7*Yb, 2*>Th, and 2**U.
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Table 1

Detector specifications

Detector Area Thickness Energy range Resolution at
5%Pb 11 — 10
(mm?) (mm) (keV) (eV)
D1 200 7 10-430 956
D2 200 10 10-430 867
D3 200 10 10-430 794
D4 500 13 10-675 996
Ds 1134 12,5 10-610 1075
Table 2

Results for the p 11 -+ 10 transition in 2°®Pb (all energies in eV)

Detector AEexp Stat. (syst.) error Total error
DI 1195 13(4) 14
D2 1199 8(4) 9
D3 1177 19(4) 19
D4 1206 9(4) 10
D5 1200 9(4) 10
Total result 1199 5

Int. ratio I5i7¢; [&ir .
Int. ratio I'FT ;1 ¢ire,

1.1059 + 0.012
3.8+ 1.1%

theor.: 1.1058




Figure captions

Fig. 1 : Leveland transition scheme in p*"*Pb
Fig. 2 : Thep 1l - 10 transition in *®Pb (detector D2)
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