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A precise scan of the previously discovered laser-induced
transition (nj) = (37,35) -> (38,34) in pHe+ revealed a
doublet structure with a separation of AVHF = 1.70 ± 0.05
GHz. This new type of "hyperfine" splitting is ascribed to the
interaction of the antiproton orbital angular momentum and
the electron spin.

36.10.-k, 42.62.Fi, 14.20.Dh

The discovery that about 3% of antiprotons stopped
in helium survive up to 10 (is [1], six or seven orders of
magnitude longer than the remaining 97%, has promp-
ted a series of experiments at the Low Energy Antipro-
ton Ring (LEAR) at CERN. Initially the lifetime of an-
tiprotons was studied in various helium phases [2-6]. In
later experiments we employed a laser resonance method
[7] and showed that the source of the longevity was the
formation of metastable states of neutral exotic pe~ He2+

(=pHe+) atoms by detecting several laser-induced res-
onant transitions in p4He [8-11] and p3He [12] of type
Av = A(n — / — 1) = 0 (n = principal quantum num-
ber, I = angular momentum quantum number, and v
= radial node number) and comparing the observed
wavelengths with theoretical calculations for this 3-body
system [13-15]. Recently we developed a novel method
using a bunched antiproton beam [16] which has permit-
ted us to detect two of the much weaker transitions with
Av = 2 (An = +1, Al = -1) [17]. The present pa-
per reports the first observation of a line splitting in the
Au = 2 transition (n,l) = (37,35) ->• (38,34) in p4He+

which can be ascribed to the interaction of the magnetic
moment associated with the antiproton orbital angular
momentum and the electron spin.

The detailed study of the structure of pHe+ using laser
resonance spectroscopy opens up the possibility of ob-
taining information on the fundamental properties of the
antiproton itself. We have already determined seven
transition energies in pHe+ with a precision of ~ 5 ppm
[8,10-12,17]. The results for all transitions is in remark-
able agreement at the 10 ppm level [17] with the most
precise theoretical calculation by Korobov [18] which in-
cludes relativistic corrections in the motion of the elec-
tron. Further possible improvements in both experi-
mental and theoretical accuracies should lead to a pre-
cise measurement of the antiprotonic Rydberg constant
in pHe+ atoms, yielding information on the antiproton
charge and mass.

The orbital angular momentum and the spin of the anti-
proton interact with the remainder of the pHe+ atom in a
variety of ways, resulting in fine and hyperfine structures
in the atom's energy levels. Among these, the one-body
"fine structure" arising from the If • ŝ - coupling of the p
can easily be estimated to be ~ 10~7 eV (25 MHz) in
the region around n = 37 [19] and is thus negligibly small
compared with our present experimental resolution. We
therefore neglect "fine structure" effects in the following
discussion. More important and dominant is the split-
ting due the interaction of the ground state electron with
the p magnetic moment. As this (two-body) effect occurs
between particles of a different kind it is appropriate to
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refer to it as a hyperfine splitting, even though its value
far exceeds the "fine structure" splitting.

The vector sum of the magnetic moments arising from
the antiproton orbital angular momentum and spin is:

P(P) = [9s (p) s"p + 91 (p) l¥ ] pi (1)

Each term of Eq. 1 can interact with the electron moment
gs{e)SeHB, resulting in a quadruplet substructure for any
given (n,l) level. However the spin part of /Jp- is much
smaller than the orbital part, and the corresponding level
splitting is, like the one-body "fine structure", beyond the
resolution of our present experimental technique. This ef-
fectively reduces the quadruplet to a hyperfine doublet of
states with F = / ± Se, and with a separation approx-
imated by the interaction of the electron spin with the
antiproton orbital moment alone.

In a laser-induced electric dipole transition, a parent-
doublet state (ra, /) proceeds to a daughter doublet state
(n1,1') according to the selection rule F = I ± 1/2 ->
F' = I'±1/2 (see Fig. 1). The cross-over transition F_ =
/ - 1/2 -> F | = /' + 1/2 = / - 1/2 is highly suppressed
because of the very large / value. Thus, all transitions
(n,l) -¥ (n1,1 - 1) will be split into two sublines A) F+ =
1 + 1/2 ->• F | = / - 1 + 1/2 and B) F. = I - 1/2 ->
F'_ =1—1 — 1/2. The resonance profile should then show
a double hump structure with a splitting

— hvA

(2)

(3)

The splitting energies have been calculated by Kartavtsev
[20], Bakalov [21,22], and Korobov [23]1. Their results
showed that along Av — 0 "favoured" cascades UHF(TI, I)
is small (< 0.5 GHz) and slowly varying, the increase in
the factor of (2/ + 1) being compensated by a decrease of
the radial matrix element with n. This behaviour is con-
sistent with the absence of any evidence for substructures
in the previously observed favoured transitions. On the
other hand, in "unfavoured" transitions of type At; = 2
(so-called because their transition dipole moment is one
order of magnitude smaller than that for favoured ones
[13,14]), the compensation effect does not occur, and the
parent and daughter states are expected to have have sig-
nificantly different VHF values.

The best candidate for the hyperfine splitting meas-
urement was the previously observed unfavoured reson-
ance (37, 35) -»• (38, 34) with a resonance wavelength of
A = 726.095(4) nm [17]. At the time of the experiment,

It should be noted that some of these authors use a termino-
logy different from this paper, i.e. calling the splitting arising
from the e~ spin - p orbital angular momentum interaction a
"fine structure", and the one arising from the e~ spin - p spin
interaction a "hyperfine structure".

the theoretical values available for the splitting of this
transition varied between 0.9 and 1.7 GHz, slightly big-
ger than the minimum bandwidth obtainable with our
laser system. In order to resolve this splitting, we had
to achieve the highest possible resolution with our setup.
This required a careful balance of several factors:

i) Laser bandwidth: the laser system used consists
of two sets of dye lasers (Lambda Physik LPD3002E)
pumped by XeCl excimer lasers (Lambda Physik
LPX240i). Using an intra-cavity etalon, the bandwidth
of the lasers could be reduced from 6 GHz to ~ 1 GHz
without significant loss of power.

ii) Laser-light power density: the transition studied is
an unfavoured one with a transition probability about a
factor 100 smaller than for favoured ones. At a laser
beam diameter of 1 cm which was adjusted to the p
stopping region and the above-mentioned parameters, the
laser beam has a power density of ~ 1 MW/cm2. Previ-
ous measurements under this condition showed that the
resonance intensity for favoured transitions saturates at
about 0.1 mJ per pulse. The power broadening starts
to increase the resonance width at the same power dens-
ity. For the present "unfavoured" transition the power
value had to be increased by two orders of magnitude.
We therefore used typical output energies of 5 - 10 mJ
per pulse of ~ 30 ns length, which was just below this
regime, in order to achieve a large signal intensity with
an acceptable line broadening.

in) Target density: collisional broadening can be an im-
portant contribution to the line width at the high density
needed in our experiment to achieve a p stopping distri-
bution small enough to overlap the laser beam completely.
Previous measurements with favoured resonances showed
that at our standard conditions (6 K and 600 mbar) the
collisional broadening is smaller or comparable to the
laser bandwidth. Lower densities however lead to a stop-
ping distribution of the p which has a bigger diameter
than the laser beam and therefore results in a reduced
signal-to-background ratio, since all delayed annihilation
signals are detected by the particle counters, even if they
occur outside the laser beam.

The experiment was performed at the Low Energy An-
tiproton Ring (LEAR) at CERN. While the previous
search for the 726 nm transition used the bunched ex-
traction of p from LEAR [16,17] mentioned above, the
present measurements were carried out using a continu-
ous beam. The reason for this was the higher accuracy
that we presently obtain in determining the resonance in-
tensity because a much larger number of laser pulses is
applied and individual laser power fluctuations are aver-
aged out. As before, the p were stopped in a 4He gas
cell kept at a temperature of 6 K and a pressure of 600
mbar. The laser spectroscopy method consists in inducing
transitions between a metastable (lifetime ~ I/is) and
an Auger-dominated short-lived state (lifetime < 20 ns).
This leads to a sharp peak in the annihilation time spec-
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trum at the arrival time of the laser light whose intensity,
i.e. its area divided by the total number of delayed events,
is measured as a function of the wavelength to obtain the
resonance profile.

The upper part of Fig. 2 shows delayed annihilation
time spectra taken with the laser set near the previously
observed wavelength of the (37,35) —> (38,34) transition
and displaced by equal increments on either side of it.
The result of several scans at the highest achievable res-
olution and with a stepwidth of 0.3 pm can be seen in the
lower part of Fig. 2 and clearly shows a partially resolved
doublet structure. To describe this doublet structure, we
used a sum of two functions, each of which consists of a
Gaussian representing the laser bandwidth, folded with
a Lorentzian describing the internal width of the reson-
ance. The Gaussian width was fixed at the measured
laser bandwidth, 2.0 pm (1.2 GHz). The amplitude and
width of the two Lorentzians (assumed to be identical),
the average value of the center of the two Lorentzians
and their separation were all treated as free parameters.
Fitting this function to the spectrum, we obtain a dif-
ference of the two centers of XB - A^ = (2.98 ± 0.09)
pm, which corresponds to AVHF = (1.70 ± 0.05) GHz.
The error quoted is the statistical one. For each step
the frequency was measured by a wavelength meter Bur-
leigh WA4500, which had a resolution of typically 0.3 pm
FWHM, identical to the step width. This uncertainty in
the measurement of the wavelength, however, is negligible
compared to the laser bandwidth and does not introduce
uncertainties in the measurement of the wavelength dif-
ference \B — \A of the two lines.

The fit gives a width of each of the two Lorentzians of
SX = (0.7 ± 0.2) pm corresponding to Su = (0.4 ± 0.1)
GHz. It shows that the contributions of collisional broad-
ening and power broadening are small compared to the
laser bandwidth. The average of the doublet lies at a
vacuum wavelength of A - (726.097 ± 0.003) nm, equal
within the error to the value found in previous measure-
ments. The error in A is mainly due to the calibration
error of 3 pm.

Table I compares the measured hyperfine splitting with
theoretical calculations. The magnitude is close to the
latest values of Bakalov [22] and Korobov [23], which lie
just outside the experimental error, but significantly lar-
ger than the result of Kartavtsev [20]. The two closest
results are identical at the quoted precision, which comes
from the fact that these authors use the same basic ap-
proach and wave functions, but different numerical meth-
ods [22,23]. In view of the experimental error of 3 %, and
the estimated theoretical error of the same order [22,23],
there is satisfactory agreement between experiment and
theory.

In conclusion we have for the first time resolved the
hyperfine structure in a laser-induced resonant transition
((»,/) = (37,35) -» (38,34)) of the antiprotonic helium
atompHe+. The value of AvHF = 1.70±0.05 GHz is very

close to some recent theoretical calculations which show
that the interaction of the electron spin and the magnetic
moment associated with the high angular momentum of
the antiproton gives the dominant contribution to the
level splitting. The line splitting of a laser transition,
as measured in the present technique, however, has the
defect that a small quantity is determined by measuring
the difference between two large quantities. An improved
determination of the hyperfine splitting is therefore being
developed in which the separation of the F+ and F_ states
will be measured directly by a microwave induced trans-
ition between them. We expect then this determination
will resolve the splitting due to the antiproton spin and
thereby measure the antiproton magnetic moment.
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Education, Science and Culture, the German Bundesmin-
isterium fur Bildung, Wissenchaft, Forschung und Tech-
nologie and the Hungarian National Science Foundation.
H.A.T. acknowledges the support of the Japan Society
for the Promotion of Science.

TABLE I. Comparison of observed hyperfine splitting and
theoretical calculations.

Ref.

[20]
[22]
[23]

our experiment

(GHz)
7.04
12.91
12.91

-

(GHz)
6.18
11.14
11.14

—

A.VHF
(GHz)

0.87
1.77
1.77

1.70±0.05
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FIG. 2. (Upper) Delayed annihilation time spectra with the
laser set to three different wavelengths corresponding to points
around XA, A, and As in the lower figure. (Lower) High res-
olution resonance profile of the (37,35) -> (38, 34) transition
showing clearly a doublet structure. The solid line represents
a fit of a sum of two functions consisting each of a Gaussian
folded with a Lorentzian (see text).

eHF(n,l)

F = I + 1/2

FIG. 1. Level diagram for parent and daughter doublet
states showing possible electric dipole transitions.
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