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Fig. 1. (a) The structure of the !pHe+ atomcule, in which the !p with large-(n; l) quantum numbers circulates in a localized
orbit around the He2+ nucleus, while the electron occupies the distributed 1s state. (b) The level scheme of large-(n; l)
states of the !pHe+ atomcule. The solid bars indicate radiation-dominated metastable states, while the broken lines are for
Auger-dominated short-lived states, The signi"cance of this categorization will be explained below. The ionized !pHe2+

states are also shown by dotted lines. From Ref. [2].

• Slow radiative decay
The remaining decay process is a slow radiative decay because of the small level spacings

and of the retardation mechanism due to the e−–!p correlation. The main cascade is (n; l)→
(n− 1; l− 1) and the typical level lifetime is 1:5 !s.

The level scheme of antiprotonic helium is also shown in Fig. 1. The solid bars represent metastable
states, whereas the broken lines show Auger dominated short-lived states. The ionized states (!pHe2+)
are shown by dotted lines.

1.3. Unique facets of antiprotonic helium

The unique character of antiprotonic helium as a three-body system involving one !p gives it a
number of interesting facets, each of which provides its own arena for the study of physical and
chemical phenomena:

(i) Primordial exotic atom
Metastable states of antiprotonic helium occupy the region (n ∼ n0 =

√

M ∗=me), where the
exotic particle and the atomic electron coexist in the same spatial region. It is only in this case
that the primordial zone of exotic atoms has been identi"ed. Previously it was therefore an
untouched subject of investigation.

(ii) Exotic ground-state hydrogen atom
If we think of (!pHe2+)n; l as a “proton” to which an electron can be bound, Antiprotonic

helium can be regarded as a member of the family of exotic hydrogen atoms that include
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Delayed annihilation of antiprotons stopped in liquid helium has been observed, revealing that about

3.6% of stopped antiprotons are trapped in long-lived metastable states. No delayed component was
found either in liquid nitrogen or in liquid argon. The observed time distribution of delayed annihilation
shows fast-decaying components followed by a major part with a decay time constant of 3 psec.

PACS numbers: 36.10.—k

Negative hadron s such as z, E, and p, when
stopped in material, are believed to vanish immediately
by nuclear absorption after forming hadronic atoms. Re-
cently we found that a few percent of the K mesons
stopped in liquid helium show free decay with a lifetime
around 10 nsec, indicating the presence of long-lived
trapping states of about 50 nsec lifetime (trapping time),
while there are no such delayed EC decays observed in
other materials (Li, Be, C, and Ca) [1]. This experiment
definitely supported Condo's interpretation in terms of a
trapping hypothesis [2] of earlier data showing at-rest de-
cays of tr [3] and E [4] in helium bubble chambers,
which had been ascribed to slow "average cascade times"
in the range of 10 ' sec without justification. Condo as-
serted a model for trapping states, that is, circular orbits
of large principal quantum numbers in a neutral exotic
helium atom e X He++, where A is a negatively
charged hadron. More recently, we have studied experi-
mentally z absorption in liquid helium at TRIUMF,
finding that a similar fraction of ~ s are also trapped in
liquid helium, but with a much shorter trapping time
(—10 nsec) [5]. A more spectacular case is expected for
antiprotons in liquid helium, where much longer trapping
times were predicted by Russell [6]. Since antiprotons
are stable, there is in principle no limitation on the ob-
servable time window. So, we attempted to search for
this interesting phenomenon at KEK, and have discovered
that antiprotons do survive in liquid helium up to 15 psec.
In the present experiment we measured the time distri-

bution of the annihilation products (mostly pions) with
respect to p stopping. A separated p beam from the K3
beam line at the KEK 12-GeV proton synchrotron was
stopped in liquid helium. We used a liquid-helium target
of cylindrical shape with 23 cm diam. The present p in-
tensity at beam momentum of 519 MeV/c was 28/sec,
but the beam contained 1000 times more x 's. Since
these beam pions are scattered and absorbed by the tar-
get material or elsewhere, they fire the detector system
for annihilation products independently of the p stop, and
may produce fake "delayed-annihilation" events. To

discriminate genuine p annihilation from scattering or
reaction of background pions, we used 128 pieces of
6.5 x 6.5 x 25 cm Nal(Tl) scintillator, which covered
about 30% of the total solid angle.
We identified particles from the beam line by using

four sets of plastic scintillators and one Lucite Cerenkov
counter (LC). The P's were well separated from pions
and kaons by time of flight and the LC. The in-flight re-
actions within these beam-line counters were clearly
recognizable in the pulse-height spectra of the counters.
The trajectories of the p's were measured by two sets of
two-dimensional multiwire proportional chambers. The p
annihilation products were detected by two plastic scintil-
lators (T counters) and two chambers, which were placed
at 90 with respect to the beam. This detector assembly
covered about 10% of the total solid angle. The vertex at
the p annihilation point was reconstructed with a spatial
resolution of 5 mm (FWHM) in the horizontal plane and
15 mm (FWHM) in the vertical axis by using the infor-
mation from the chambers. This vertex point was used to
identify the p stopping point, and to calculate the range
in helium and the flight time between the beam-defining
counter and the p stopping point.
We measured p annihilation products in the time win-

dow from —120 nsec to 30 psec, with respect to the p
stopping time in the target. The negative time window
was set to see the accidental background level. We moni-
tored the particles from the beam line and rejected events
which recorded "second p hit" or "EC hit" in the beam-
line counters in the time range from —12 to 30 psec.
Since pions coming from the beam line every 20 @sec on
average cause a number of fake delayed events, it was vi-
tally important to eliminate the pion scattering and reac-
tion events from the p annihilation events by other means.
To do this, we rejected (1) events which have a large

discrepancy in the annihilation vertex () 12 mm in verti-
cal axis), and (2) events in which a beam pion hits the
beam-line counters at the same time as one of the "an-
nihilation products" hits the T counters (within 40 nsec).
After application of these cuts, the accidental background
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Study of metastable states of p̅ atom in liquid helium
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HYPERNUCLEAR BOUND STATE OBSERVED IN STOPPED K- REACTION ON 4He  439 

In this paper, I will report on the most recent results on the search for a Z- 
nucleus bound state by using kaon absorption at rest on a liquid helium target, 
done at the 12 GeV proton synchrotron of the National Laboratory for High 
Energy Physics (KEK). 

The experimental set-up is essentially the same as in the previous works (5,12). 
Target liquid helium was held in a cryostat, approximately 23 cm in diameter and 
5.81 in volume. The average thickness of helium exposed to the incoming kaon 
beam was 2.8g/cm 2, while the thickness of cryostat walls was 0.3g/cm 2. 
Negative kaons of 650 MeV/c were moderated and were stopped in the helium 
target, and the pion momenta were measured by the spectrometer. A typical 
kaon stop rate was 600 per beam spill (every 2.5 seconds) when 10 ~2 protons were 
incident on the primary target. 
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Fig. 1. - A schematic view of the target region of the set-up. A scatter plot of reaction vertex 
points is overlaid. 
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Fig. 2. Momentum spectrum of negatively charged particles (!− and "−) emitted after K− stopping in liquid helium.
From [11].

Fig. 3. Closed circles: time distribution of the 235 MeV=c K+ → "+#" decay peak. Open circles: time distribution of the
235 MeV=c K− → "− !#" peak. From [11].

to measure the time spectrum of the K− decay products. If the slow cascade model were correct,
kaons would be allowed to decay during an average cascade time of Tav ≈ 10−10 s. Since this is
shorter than the time resolution of the counters used in our measurement, the time spectrum should
show a ‘prompt’ peak. If, on the other hand, the trapping model were correct, while most of the
kaons would immediately be captured without contributing to the delayed part of the time spectrum,
kaons trapped in metastable states decay so slowly that the time spectrum of the free-decay products
("− and !−) should reveal a delayed component without any prompt spike.
In Fig. 3, we present the time spectra of the 235 MeV=c muons emitted in K+ (closed circles) and

K− (open circles) decays. The K+ → "+#" spectrum shows an exponential decay with a lifetime of
12± 0:5 ns, consistent with the free K+ lifetime. The K− → "− !#" decay spectrum exhibits a nearly
exponential decay with an e"ective lifetime of about 10 ns. The existence of delayed components
directly proves that kaons are trapped in metastable state(s).
The average lifetime of the trapping state(s) $trap can be deduced from

1=$trap = 1=$obs − 1=$free

and was found to be about 50 ns. The trapping fraction was determined to be fK = 0:019± 0:003,
which is in good agreement with the earlier values of fK deduced from 3! decay in He bubble
chambers.
An alternative way to deduce $trap is to measure the nuclear absorption product. Since K− in

metastable states can either decay freely or undergo nuclear absorption with respective fractions,

fdecay = ftotal
$obs
$free

; fabs = ftotal
$obs
$trap

; ftotal = fdecay + fabs ; (3)

K- “cascade” time usually << ns

K lifetime (in vacuum) 12ns

Why K→μν peak so strong?
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show a ‘prompt’ peak. If, on the other hand, the trapping model were correct, while most of the
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directly proves that kaons are trapped in metastable state(s).
The average lifetime of the trapping state(s) $trap can be deduced from

1=$trap = 1=$obs − 1=$free

and was found to be about 50 ns. The trapping fraction was determined to be fK = 0:019± 0:003,
which is in good agreement with the earlier values of fK deduced from 3! decay in He bubble
chambers.
An alternative way to deduce $trap is to measure the nuclear absorption product. Since K− in
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S. N. Nakamura, M. Iwasaki, H. Outa, * and R. S. Hayano
Department of Physics and Meson Science Laboratory, Faculty ofScience, Uniuersity of Tokyo, Bunkyo ku,-Tokyo 113,Japan

Y. Watanabe, T. Nagae, and T. Yamazaki
Institute for ltiuclear Study, Uniuersity of Tokyo, Tanashi, Tokyo 188, Japan

H. Tada
Department ofÃatural Science, College ofGeneral Education, University of Tokyo, Komaba, Meguro ku,-Tokyo 153, Japan

T. Numao, Y. Kuno, and R. Kadono
TRIUMF, Vancouver, British Columbia, Canada V6T233

(Received 6 November 1991)

We have found a long-lived metastable state of stopped m in liquid helium by measuring the time
spectra of two different delayed products: (i) protons emitted after m absorption by He nuclei and (ii)
70-MeV electrons originating from free m ~e v, decay. The lifetime and fraction of delayed ~ ab-
sorption obtained by using the emitted protons are 7.26+0. 12 nsec and 1.66+0.05%, respectively. The
free-decay fraction of a pion in liquid helium was obtained to be 0.64+0.03% from this result, which is
consistent with the observed free-m decay fraction. These results imply that 2.30+0.07%%uo of stopped

are trapped in the metastable state which have an overall lifetime of 10.1+0.2 nsec. The same exper-
imental and analysis were performed for stopped vr in liquid neon, where no evidence for trapping was
found.

PACS number(s): 36.10.—k

I. INTRODUCTION

Negative mesons stopped in material are normally ex-
pected to be absorbed by nuclei immediately ( (10
sec) after mesonic-atom formation. This time is much
shorter than the lifetime of such negative mesons as pion
and kaon (—10 sec). Thereby, free decay of these par-
ticles is not expected to be observed. Recently, however,
a slow decay of negative kaons in liquid helium has been
observed contrary to this simple picture [1—3]; about
3.5%%uo of stopped K in liquid helium decay with a life-
time of about 10 nsec, which is slightly shorter than the
lifetime of the free E—.This fact indicates that about 4%
of stopped I( in liquid helium are trapped by the meta-
stable state with an overall lifetime of -60 nsec.
It was already known from helium-bubble-chamber ex-

periments [4—8] that -2%%uo of stopped E and 1% of
stopped ~ in liquid helium decay freely. These free de-
cays were interpreted as being due to a hypothetical slow
atomic cascade, and the free-decay fraction was simply
converted to an average cascade time. The average cas-
cade time thus deduced was in the range of 10 ' sec.
However, according to the theoretical calculation by Day
[9], the cascade time of negative mesons in liquid helium
should be less than 10 ' sec; the experimental values as
deduced above are two orders of magnitude larger than
the theoretical calculation. At first, it was believed that
there might be unknown mechanisms which could in-
crease the cascade time by two orders of magnitude.
Condo [10] proposed a completely different interpreta-

tion, namely, that some fraction of stopped negative

mesons in liquid helium are trapped in metastable states
and decay freely. In order to determine which interpreta-
tion is correct, we have to measure the time spectrum of
free decay of negative mesons in liquid helium. If we ob-
serve delayed components, this would be a strong evi-
dence for Condo's hypothesis. On the other hand, if we
observe only a prompt peak, this will show that the cas-
cade time is long (about 10 ' sec) for some unknown
reasons. As for E, the free-decay components of
stopped E were found to be 100% delayed [1—3]. Simi-
lar trapping states can be expected for m and p in liquid
helium. So, we decided to look for delayed events after

stopping in liquid helium. In the meantime, trapping
ofp in liquid helium has been found [11].

II. EXPERIMENTAL SETUP

+trap observe +free ~

with constraints of

+observefdecay =ftotal
+free

(2)

In order to search for a metastable state, we measured
time spectra of delayed products from stopped ~ in
liquid helium. There are two ways of observation; one is
to observe delayed free decay, and the other is to look for
delayed nuclear absorption products. If we observe a life-
time r,t,„,„,for delayed fractions of free decay (fd„,„)
and of nuclear absorption (f,t„),the lifetime of the trap-
ping state is deduced from
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dow, we cannot identify which pion produced the outgo-
ing particle. This is avoided by discarding any event
which had additional hits within a time range of 1 psec
before or 200 nsec after a pion struck the B1 counter.
The same pileup rejection was done for the outgoing par-
ticles as well.
A similar pileup rejection was applied to the TINA en-

ergy spectrum to minimize the energy shift caused by
pileup hits. The output signal of TINA was integrated in
three different time ranges (TINA-early, TINA-normal,
TINA-late). TINA-normal refers to the signal with a
normal timing gate, while TINA-early's gate started 200
nsec before the triggered event, and TINA-late's gate
started 200 nsec after the event. We rejected pre-pileup
of TINA, eliminating the events which had a signal in the
TINA-early spectrum. Similarly, we discarded post-
pileup of TINA by removing the events when a linear re-
lation between TINA-normal and TINA-late was lost.

events may involve ambiguity. Using Monte Carlo simu-
lation, the prompt fraction caused by the in-flight reac-
tions was estimated to be less than 0.01%, which we can
safely neglect.
Using these values in Eqs. (2) and (3), we obtained the

free-decay fraction

f (1 66+0 05% )10.06+0.22nsec26.03 nsec
=0.64+0.03% .

This value can be compared with the result obtained from
the 70-MeV electrons from m ~e v, decay. The total
trapped fraction (f„„i) of n. in liquid helium is given by
the sum of f,b, and fd„,„.It is 2.30+0.07% of stopped
m in liquid helium.

B. 70-MeV electron time spectrum

IV. RESULTS FOR HELIUM DATA

A. Proton time spectrum

Figure 4 shows a trapping-time spectrum of emitted
protons which came from ~ absorption by He. There
is a delayed component as well as a prompt peak. The
delayed component looks like a single exponential func-
tion within present experimental accuracy. This time
spectrum was fitted to a function

r 2

N(t) = A exp ——+Bexp I

Figure 5 shows an energy spectrum for the delayed
electrons (2 &T„,~ & 10 nsec). There is a peak at 70 MeV
from the ~ —+e v, free decay. Figure 6 is a time spec-
trum of the events in this energy region (60 &E & 80
MeV). A sharp prompt peak originates from the radia-
tive pion-capture process followed by the pair creation
[He(m, y), y~e+e j. The peak at t =—8.5 nsec
comes from p scattering (p arrived at 8.5 nsec earlier
than n. ). This time spectrum was fitted to the following
function:

'2
N(t)= A exp ——+Bexp r

(A =0 when t &0), +C exp
2

P

where ~ and I are the lifetime of delayed events and the
width of the prompt peak, respectively.
The observed lifetime of the delayed component was

'T b „=7.26+0. 12 nsec. Using Eq. (1) with rr„,=26.03
nsec we obtain ~„,=10.06+0.22 nsec. The ratio of the
delayed events to the prompt gives f, , =bi. 66&0.05%,
where the error is purely statistical.
If an in-flight reaction occurs, the number of prompt

(A =0 when t &0) .

This function is similar to that of protons, except for the
p component. The observed lifetime of the delayed
component was ~,b„,„,=7.2+1.4 nsec. The free-decay
fraction (fd„,„)was obtained as follows by comparing
with the m. + data, where 100% of stopped m.+ in material
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Predicted in ‘60s (we later realized)
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the calculation. The measured asymmetries are 
consistent with 100% polarisation, the sign being 
the one expected for right-handed positrons. As 
a final result we quote the more precise value at 
u = 4.8 MeV, combining the statistical and the 
systematical errors: 

P = 1.04 f 0.18 . 

The result is in agreement with the prediction of 
the V-A theory and with the experimental results 
of ref. 3). It excludes the result of ref. l), when 
this is interpreted in terms of a low polarisation, 
by 3.2 standard deviations. The combined result 
of this paper and ref. 3) is P = 1.03 f 0.14. 
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Recently several experiments on the atomic 
capture of negative pions in liquid helium have 
been reported which are considerably at variance 
with the theoretical predictions given by Day l), 
Block et al. 2, and Fetkovich and Pewitt 3) have 
shown that when negative pions are arrested in 
liquid helium, the meson spends = 2.5 x lo-10 
seconds in atomic orbits about the capturing al- 
pha particle. This estimate is based on the num- 
ber of pionic decays into the backward hemi- 
sphere. The description of the process presented 
by Day presumes that the helium atom is quickly 
denuded of both its atomic electrons by the Auger 
capture process and by the subsequent normal in- 
ternal mesic Auger process in a time of the or- 
der of lo-15 sec. The mesic atom now is sub- 
jected to the non-central electric field induced 
because of the attraction between a normal He 
atom and a proton (which is simulated by the 
(r-, cy)+ system). The atomic cascade is then 
expected to proceed analogously to case of nega- 
tive meson absorption by liquid hydrogen 495) 
and to result in Stark mixing of the degenerate 
angular momentum levels with the subsequent 
nuclear absorption occurring from atomic S 

states of high principal quantum number. Day’s 
estimate of the time required for this process in 
liquid He is several orders of magnitude smaller 
than the observed result. 

Because of this discrepancy between theory 
and experiment, it is tempting to conclude that 
the Stark effect is inoperable in liquid He. This 
is especially so, since a combination of radiative 
and external Auger rates yields approximately 
the experimental result 1,3). The purpose of 
this note is to point out that an alternate cascade 
scheme exists which is also in accord with ex- 
periment and which does not require the absence 
of the molecular Stark effect. 

We first mention that the external Auger ef- 
fect, whereby the passage of our (r-, cy)+ system 
ejects electrons from neighbouring atoms, is a 
process greatly akin to the molecular Stark ef- 
fect. Both effects depend on the interatomic sep- 
aration raised to large negative powers (6-10). 
Thus, it seems reasonable that if the molecular 
Stark effect is absent, then the external Auger 
effect should be an unlikely de-excitation mech- 
anism. In fact, the most natural way to reduce 
the Stark effect is to restrict the interatomic 
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NUMBER 2

It is suggested that antiprotons could be used to test Condo's conjecture that the large
mean cascade time for E mesons in atomic orbits in liquid helium is due to metastable
states.

Several years ago Condo' suggested that nega-
tive mesons which are stopped in helium may, in
a relatively small number of instances, become
bound in a metastable state of a neutral mesonic
atom, thereby accounting for the large values of
the measured mean cascade times for n and K
mesons in atomic orbits in liquid helium. "No
attempt has yet been made to test this explana-
tion experimentally, possibly in part because no
calculations were presented in its support, and
because there was no compelling argument given
for believing that such metastable states, if they
are formed, are not depopulated by Stark transi-
tions4 when the mesonic atom collides with heli-
um atoms. The purpose of the yresent paper is
to point out that under suitable circumstances it
might be possible to obtain a partial experimen-
tal check on Condo's conjecture by ascertaining
whether or not antiyrotons sometimes have ex-
traordinarily long cascade times in liquid helium.
This suggestion is prompted by the results of
some detailed calculations' of Auger and Stark
transition rates which indicate that Condo's theo-
ry may explain, or at least partially explain, the
mean cascade time in the case of K mesons,
though probably not in the case of m mesons.
In order to facilitate the discussion, it is con-

venient to restate Condo's argument, citing some
numerical results obtained in Ref. 5 and using a

more detailed line of reasoning. %'hen a nega-
tive meson or an antiproton is stopped in helium,
it ejects an electron from a helium atom and be-
comes bound in a neutral atomic system. For
the sake of brevity an antiproton is frequently re-
ferred to loosely as a meson in the present pa-
per. Insofar as the meson and the electron may
each be thought of as having a well-defined orbit-
al angular momentum, the electron is in a 1s or-
bit, and the meson is in an orbit with a large
principal quantum number n and an orbital angu-
lar momentum / ~ n-1. If l =n-1, the meson is
in a so.-called circular orbit. A state in which
the meson is in a circular orbit is sometimes
referred to in the present paper simply as a cir-
cular orbit. It is generally supposed that the
neutral mesonic atom is formed in a state with
a binding energy EI, which is not very different
from the 5.81-Ry binding energy of a helium
atom. The de-excitation of this atom can pro-
ceed initially by Auger ejection of the electron,
by radiation, or, for the nn e and nK e
atoms, by meson decay. Unless there are spe-
cial circumstances, Auger ejection is the domi-
nant process.
There are special circumstances which inhibit

the Auger process for circular or very nearly
circular orbits with large n. ' Since initially the
electron is in an s state, the orbital angular mo-

Copyright 1969 by
The American Physical Society
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Fig. 12. Chain decay models used to describe the DATS. Bold lines represent metastable levels and dashed lines or
arrows Auger-dominated short-lived levels or transitions. Ni(t) denote initial populations and !i radiative decay rates.
Dotted arrows represent destruction channels with rates !Ai . The destruction rates of the last metastable level in one chain
were introduced to account for possible changes in the lifetime of these states due to density e!ects.

The lower limit of 20 ns was simply chosen to be far enough away from the prompt peak to ensure
that the ftrap value was not a!ected by the time resolution of our detectors (a few nanoseconds).
For 4He gas, ftrap is 3% at the lowest measured density of ∼1020 cm−3, and decreases slightly to
2.5% for liquid helium [39].
The trapping fraction of "p stopped in helium gas at room temperature has been measured by

the OBELIX collaboration at LEAR down to pressures of 5 mbar corresponding to a density of
1:2× 1017 cm−3. This group made use of a large gas target and a complex detector which allowed
the antiproton annihilation to be localised and permitted a #ducial cut to be imposed that selects
only antiprotons annihilating in the helium gas. At these low densities the same 3% trapping fraction
was observed as under our high density conditions [69], the number of delayed events also being
extrapolated to t=0. Below this density, the long antiproton slowing-down time and the consequent
di$culty in separating prompt from delayed events made it impossible to measure the trapping
fraction.
For 3He gas, a systematically smaller trapping fraction has been observed, as described in

Section 3.4.

3.3. Analysis with cascade models

The average lifetime as de#ned above is not very sensitive to subtle variations in the shape of
the DATS. A more informative parametrization that uses the Condo–Russel interpretation of the
antiproton longevity as a general guide is the following. If the antiprotons are trapped in "pHe+

atomic states we can write N in DATS =−dN=dt as the sum of the numbers Ni(t) surviving until
time t in each of these states i. How DATS that have been modi#ed by resonant laser pulses can
be #tted so as to permit i to be extracted in terms of (n; l) quantum numbers will be explained in
Section 5. As already mentioned however, the limited information content of undisturbed DATS like
those of Fig. 11 is insu$cient for this kind of detailed interpretation. We therefore #rst attempted to
construct a simple chain decay model of m metastable members (Fig. 12) with a minimal set of free
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Fig. 11. DATS taken in various phases of helium (a–f) and in the presence of various admixtures (g–l). The prompt peak
has been removed in the data analysis.

where tmax was set to the maximum time window of 50 !s and t0 was chosen according to the shape
of the DATS in question.
In Fig. 11 the values for Tav (1 !s) is indicated. For pure helium, the values change only by a

factor of 2 between low-temperature gas (Tav(1 !s)=4:0 !s) and solid helium (Tav(1 !s)=2:1 !s). For
helium with admixtures, Tav varies in a much wider range. This case will be described in Section 3.5.

3.2.1. Trapping fraction
The trapping fraction ftrap, i.e. the fraction of !p captured in metastable states, can be de"ned by

ftrap =
N (20 ns¡t¡ 50 !s)

Ntotal
: (6)

H2

O2

Ne

Ar

Kr

Xe

→ “HAIR” method
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Fig. 1. (a) The structure of the !pHe+ atomcule, in which the !p with large-(n; l) quantum numbers circulates in a localized
orbit around the He2+ nucleus, while the electron occupies the distributed 1s state. (b) The level scheme of large-(n; l)
states of the !pHe+ atomcule. The solid bars indicate radiation-dominated metastable states, while the broken lines are for
Auger-dominated short-lived states, The signi"cance of this categorization will be explained below. The ionized !pHe2+

states are also shown by dotted lines. From Ref. [2].

• Slow radiative decay
The remaining decay process is a slow radiative decay because of the small level spacings

and of the retardation mechanism due to the e−–!p correlation. The main cascade is (n; l)→
(n− 1; l− 1) and the typical level lifetime is 1:5 !s.

The level scheme of antiprotonic helium is also shown in Fig. 1. The solid bars represent metastable
states, whereas the broken lines show Auger dominated short-lived states. The ionized states (!pHe2+)
are shown by dotted lines.

1.3. Unique facets of antiprotonic helium

The unique character of antiprotonic helium as a three-body system involving one !p gives it a
number of interesting facets, each of which provides its own arena for the study of physical and
chemical phenomena:

(i) Primordial exotic atom
Metastable states of antiprotonic helium occupy the region (n ∼ n0 =

√

M ∗=me), where the
exotic particle and the atomic electron coexist in the same spatial region. It is only in this case
that the primordial zone of exotic atoms has been identi"ed. Previously it was therefore an
untouched subject of investigation.

(ii) Exotic ground-state hydrogen atom
If we think of (!pHe2+)n; l as a “proton” to which an electron can be bound, Antiprotonic

helium can be regarded as a member of the family of exotic hydrogen atoms that include

T. Yamazaki, et al., Nature 361 (1993) 238. 

with K. Ohtsuki (d)
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Fig. 20. Spatial distribution of e− and !p in a typical circular state of (n; l) = (38; 37) [18]. (a) Amplitude of e−, (b)
amplitude contour of e− and (c) amplitude of !p, when the !p is located on the z axis. From [18].

The mixing causes changes in the E1 transition matrix elements proportional to the mixing amplitudes
cL and dL. Transition amplitudes for both !p and e− transitions are then

〈N − 1; L− 1||(E1) !p + (E1)e||N; L〉= 〈n− 1; l− 1||(E1) !p||n; l〉
+(−cL + dL−1)〈2p||(E1)e||1s〉 : (65)

Typically, the magnitude of the mixing (c2L, d
2
L) is ≈ 0:01, and has little in"uence on the energy

levels. Nevertheless, it causes a dramatic change in the transition rate, as fully discussed in [18,74].
This e#ect is essentially the same as in the nuclear core polarisation phenomenon, where low

energy transition moments are a#ected by the presence of high excitation modes (giant resonances).
(For the case of nuclear magnetic dipole moments, see Arima and Horie [77]). In the present case,
the low energy E1 transitions (∼2 eV) are retarded by a factor of 3 by the existence of the hard
electronic excitation (∼20 eV). Fig. 20 illustrates how the electron cloud is slightly polarized in a
direction opposite to the !p location.

4.5. Molecular approach

In the present atomic system, the 1s electron’s motion is faster by a factor of 40 than that of the
!p. It can thus be treated adiabatically, when the !p and the He nucleus are regarded as two atomic

1. Atom: one of the two e- of He 
replaced by p̅ 

2. Molecule: 2 heavy, 1 light

Large n & L
near-circular states
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Fig. 19. Atomic and molecular views of the antiprotonic helium atomcule system. The large (n; l) states in the atomic
yrast region in the atomic model are also assigned as the molecular states of corresponding rotational and vibrational
quantum numbers (J; v)= (l; n− l− 1) in the one-dimensional potential for each J . The radiative transitions with !v=0,
as shown by arrows, are favoured because of the maximum overlapping of the radial densities. In this sense, the atomcule
system has a dual character.

(J ) and vibrational (v) quantum numbers may be uniquely assigned:

rotation − vibration J = l; v= n− l− 1 : (54)

A circular orbit (l= n− 1) is thus resembling a rotating state with a nodeless radial wavefunction,
corresponding to a vibrational quantum number v = 0, while the next-to-circular single-node state
(l= n− 2), corresponds to v= 1; : : : : This theoretical possibility of large-l circular orbits behaving
like bound states in a Morse potential seems to have no other natural manifestation than in the
present case of metastable exotic helium. This situation is presented in Fig. 19, where the potential
as well as the wavefunctions are shown.

4.2.3. Propensity rule for radiative transitions
The E1 transition matrix from a single-particle state (n; l) = (l+1; l) to a lower state (l; l− 1) is

given by

〈l; l− 1||E1||l+ 1; l〉= 1√
2M ∗Z

ll+3(l+ 1)l+2

(l+ 1=2)2l+3
(55)

≈ l2√
2M ∗Z

for l!1 : (56)

←Coulomb
Centrifugal 
barrier     →
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Fig. 23. Korenman’s diagram of !p4He+ energy levels with initial population and decay zones [89]. The line A is the
dividing line of the metastable and short-lived zones, the line C indicates the dividing line above which the states are
initially populated but destroyed. The curve B indicates the dividing zone above which the states are initially populated.

Table 12
Initial population P(n; l; 0) of metastable states of !p4He+, as calculated by Ohtsuki [19]. The total population is normalized
to 1× 104

l= 34 35 36 37 38 39 40 41 42 Total

n= 44 7.8 8.1 8.3 8.5 8.7 9.0 9.2 9.4 9.7 78.7
n= 43 9.4 9.6 9.9 10.2 10.5 10.7 11.0 11.3 22.4 105.0
n= 42 11.5 11.8 12.2 12.5 12.8 13.2 13.5 28.4 115.9
n= 41 14.4 14.9 15.3 15.7 16.1 16.5 33.9 126.8
n= 40 18.6 19.1 19.7 20.2 20.8 37.7 136.1
n= 39 24.6 25.4 26.1 26.8 38.5 141.4
n= 38 34.0 35.0 36.0 33.9 138.9
n= 37 49.8 39.1 21.1 110.0
n= 36 20.3 5.9 26.2
n= 35 1.7 1.7

Total 192.1 168.9 148.6 127.8 107.4 87.1 67.6 49.1 32.1 980.7

energy [90]. This type of boundary (C), as also shown in Fig. 23, seems to be consistent with the
experimental shape of DATS.
The initial populations of metastable states calculated by Ohtsuki using the DM method are pre-

sented in Table 12. Using these values as initial conditions Ohtsuki developed a computer code
to calculate the time evolution of state populations P(n; l; t), taking into account both radiative
and Auger decays. Fig. 24 shows calculated shape of the DATS for each of the initially populated

� n �

�
M�

p̄

me
� 38

short-lived← →metastable

G.Ya. Korenman, Hyperfine Int. 101-102 (1996) 81, 463. 
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Time evolution of level population
Antiprotonic helium and CPT invariance 2029
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Figure 21. Three delayed annihilation time spectra of p̄4He+ with laser-induced annihilation spikes
of the transition (n, !) = (33, 32) → (32, 31) induced at t1 = 1.4 µs (a) 5.4 µs (b) and 10.4 µs (c).
The spike intensities indicate the antiproton population in state (33, 32) at each t [150].
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Figure 22. Time evolutions of the populations in twelve p̄4He+ (filled circles with error bars in
(a)–(l)) and eight p̄3He+ (filled triangles in (m)–(t)) states. The best fit of a cascade model is shown
in solid lines [150].

increasing the population of the latter. Those in (38, 35) and (38, 36) decreased with still
longer (∼2.2 µs) lifetimes, because of spontaneous deexcitation from (39, 36) and (39, 37).
The populations in (37, 34) and (37, 35) decreased with 3 µs-lifetimes, and had downward-
bending profiles at early times caused by the large feeding from (38, 35) and (38, 36).

In contrast, very small primary populations were found in p̄4He+ states in the n ! 36
regions. The populations increased (figures 22(g)–(l)) as antiprotons deexcited from the higher,
initially populated states, the time tmax at which the population reaches a maximum becoming
progressively later for lower-n states. The longest-living antiprotons were found in the lowest
metastable state (33, 32) in the v = 0 cascade; since antiprotons captured in the n ∼ 38 regions
made 6–7 radiative transitions before reaching this state, a significant population (∼0.01%)
could be observed even at t1 = 16 µs.
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increasing the population of the latter. Those in (38, 35) and (38, 36) decreased with still
longer (∼2.2 µs) lifetimes, because of spontaneous deexcitation from (39, 36) and (39, 37).
The populations in (37, 34) and (37, 35) decreased with 3 µs-lifetimes, and had downward-
bending profiles at early times caused by the large feeding from (38, 35) and (38, 36).

In contrast, very small primary populations were found in p̄4He+ states in the n ! 36
regions. The populations increased (figures 22(g)–(l)) as antiprotons deexcited from the higher,
initially populated states, the time tmax at which the population reaches a maximum becoming
progressively later for lower-n states. The longest-living antiprotons were found in the lowest
metastable state (33, 32) in the v = 0 cascade; since antiprotons captured in the n ∼ 38 regions
made 6–7 radiative transitions before reaching this state, a significant population (∼0.01%)
could be observed even at t1 = 16 µs.
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Fig. 78. Enlarged level diagram of !p4He+ with transition wavelengths in nm. The solid (red) and wavy (blue) bars stand
for metastable and short-lived states, respectively.
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Time evolution of level population
Antiprotonic helium and CPT invariance 2029
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Figure 21. Three delayed annihilation time spectra of p̄4He+ with laser-induced annihilation spikes
of the transition (n, !) = (33, 32) → (32, 31) induced at t1 = 1.4 µs (a) 5.4 µs (b) and 10.4 µs (c).
The spike intensities indicate the antiproton population in state (33, 32) at each t [150].
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Figure 22. Time evolutions of the populations in twelve p̄4He+ (filled circles with error bars in
(a)–(l)) and eight p̄3He+ (filled triangles in (m)–(t)) states. The best fit of a cascade model is shown
in solid lines [150].

increasing the population of the latter. Those in (38, 35) and (38, 36) decreased with still
longer (∼2.2 µs) lifetimes, because of spontaneous deexcitation from (39, 36) and (39, 37).
The populations in (37, 34) and (37, 35) decreased with 3 µs-lifetimes, and had downward-
bending profiles at early times caused by the large feeding from (38, 35) and (38, 36).

In contrast, very small primary populations were found in p̄4He+ states in the n ! 36
regions. The populations increased (figures 22(g)–(l)) as antiprotons deexcited from the higher,
initially populated states, the time tmax at which the population reaches a maximum becoming
progressively later for lower-n states. The longest-living antiprotons were found in the lowest
metastable state (33, 32) in the v = 0 cascade; since antiprotons captured in the n ∼ 38 regions
made 6–7 radiative transitions before reaching this state, a significant population (∼0.01%)
could be observed even at t1 = 16 µs.
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Fig. 25. Level structure and transition rates of metastable antiprotonic helium atom !pHe+, calculated by Ohtsuki [18]. The
solid lines are for metastable states with lifetime longer than 20 ns, and the broken lines are for shorter-lived states. The
two states, (38; 34) and (39; 34), proceed to the ionized state !pHe2+ with n = 32; l = 31. The laser transitions from the
four metastable states with l=35, as shown by solid arrows, thus induce “forced annihilation”, which can be detected as
a spike-like peak at t = tlaser in a !p annihilation time spectrum. From [28].

Laser-resonant multiphoton ionisation is known to be a high-sensitivity spectroscopic method and
is normally applicable to cases where the sample size is very small. However, our atomcules will
usually be produced in high density helium media, making detection of the emitted photoelectrons
extremely di"cult. A further obstacle to applying the multiphoton ionisation method, at least with
present-day laser technology, is the high ionisation potential of our atomcules, amounting to some
∼25 eV.
Notwithstanding these di"culties, it proved possible to use one of the peculiar properties of

the atomcule as a basis for an entirely novel method of laser spectroscopy. As described in the
previous section (and shown in Fig. 25) the Auger decay rate of individual energy levels of the
atomcule depends drastically on the quantum numbers (n; l). The energy levels of !pHe+ can in
fact be classi#ed into two groups, lying on either side of a well-de#ned boundary in the (n; l)
plane. The #rst group contains short-lived levels with lifetimes dominated by Auger transitions,
these being so much faster than the radiative ones that atomcules occupying them nearly always
ionize. Collision-induced annihilation of the resulting !pHe2+ ion is then almost instantaneous. The
other group consists of long-lived levels with Auger rates much smaller than radiative decay rates;
their lifetimes are therefore dominated by slow radiative time constants of order ∼1 !s. Metastable
atomcules are in fact just those !pHe+ states that lie within this group. Now a rapid transfer of
antiprotons, induced by a resonant laser beam from a long-lived to a short-lived level, will produce
a sharp increase in the rate of Auger ionisation from the lower level and a concomitant increase in
the !p annihilation rate. For energy levels with n = 39, which are expected to have an appreciable
population, the boundary of the two groups lies between l= 34 and 35, the levels with l6 34 and

“Favored” transition

N. Morita et al., NIM A 330 (1993) 439.
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Fig. 7. Left: Top view of the setup used for laser spectroscopy and DATS measurements in slow extraction. The beam
counters (B and A) detected the incident !p. In the centre the target chamber of the cryostat for low-temperature gas
is shown. It is surrounded by six lead–scintillator sandwich counters (S, named “BARREL” in the three-dimensional
view on the right hand side) to detect the outgoing pions. A seventh sandwich counter was placed below the cryostat
(“BOTTOM”). The laser entered the target chamber from the opposite side of the !p window through a quartz window
resulting in a colinear alignment of the two beams. Right: 3D view of the setup showing typical annihilation products
including the gammas and e−–e−-showers origination from the decay of !0’s. From [16] (left) and [31] (right).

3.1.2. !p annihilation detector system
An antiproton annihilating in a helium nucleus produces mostly charged pions with an average

multiplicity of ∼3. To detect these for the DATS measurements a simple arrangement of four pairs
of plastic scintillator telescopes placed around the target and close to it was adequate. A coincidence
between an inner and an outer counter in a telescope pair ensured that only particles coming from
the target were detected. Due to the large multiplicity, a solid angle of typically 0.8 ! was su"cient.
The outer counters were segmented into three parts in order to count the multiplicity, i.e. the number
or !± in each annihilation. This was necessary since the major source of background comes from !+

which stop in material surrounding the target and decay further via !+ → "+ → e+, leading to an
apparent delayed annihilation within the time window, distributed with the muon lifetime #"=2:2 !s.
By requiring at least two simultaneous signals in two telescopes (i.e. imposing a multiplicity ¿ 2
‘cut’) this background was removed e"ciently, as the signals from pion decays were no longer
synchronous with those from annihilation pions.
The !p annihilation detector system in the case of laser spectroscopy measurements was somewhat

more elaborate because it served two purposes. One was to measure the delayed annihilation time
spectra; these were obtained as before by event-by-event recording of the time interval between the !p

LEAR ultra-slow extracted p̅.
Laser randomly triggered for each p̅He candidate
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Fig. 29. A schematic diagram of the laser system. We used two identical tunable dye laser systems pumped by
XeCl-excimer lasers. The power of each dye laser beam was measured by a PIN photodiode and a thermopile-type
energy meter, while the wavelength was monitored by a wavelength meter calibrated against standard argon atomic lines.
The beams were expanded to about 15 mm diameter in the target in order to cover the stopping distribution of antiprotons.
From [31].

that the maximum random-trigger rate of a typical high-power pulsed laser system is about 200 Hz.
We must not therefore trigger the laser system for all 104 incoming !p, but only for genuine metastable
!pHe+ candidates.
This required the development of (i) an e"cient thin !p beam counter and monitor system, (ii) a

target cell, (iii) an annihilation detector system with a ∼100% e"ciency, (iv) a laser trigger system
and (v) tunable high-power pulse lasers. Items (i)–(iii) have already been described in Section 3.
In the following we shall describe (iv) and (v).

5.2.1. Laser and laser trigger system
We used two identical and independent dye laser (Lambda Physik LPD3002) systems, each

pumped by a XeCl-excimer laser (LPX240i) at ! = 308 nm (see Fig. 29). The duplication of the
laser system not only halved the search time for the resonances by allowing both to #re simulta-
neously, but also enabled studies using two successive laser pulses with di$erent timings [30,32],
and permitted two laser beams to be applied simultaneously at di$erent wavelengths to stimulate
“double” resonant deexcitation [34].
In the laser experiments, any event in which an S signal notifying the annihilation of a !p (see

Section 3.1) was received within 70 ns of a B counter signal marking the arrival of the antiproton
was discarded as a prompt annihilation. If no such “prompt” S signal was received, we assumed that
a metastable !pHe+ atom was present in the gas, and after a suitable delay allowed the B counter
pulse to ignite the laser. The excimer lasers had a maximum repetition rate of 400 Hz, i.e. they

H.A. Torii, et al.,  NIM A 396 (1997) 257
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An example, (n,l)=(39,35)→(38,34)
N. Morita, et al., Phys. Rev. Lett. 72 (1994) 1180.
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Fig. 32. First successful observation of laser resonance of antiprotonic helium, now attributed to the
(n; l) = (39; 35) → (38; 34) transition. Left: Observed time spectra of delayed annihilation of antiprotons with laser
irradiation of various vacuum wavelengths near 597:2 nm. Spikes due to forced annihilation through the resonance tran-
sitions are seen. Upper right: Enlarged time pro!le of the resonance spike. Lower right: Normalized peak count versus
vacuum wavelength in the resonance region. From [29].

Fig. 33. The transition, (n; l) = (37; 34)→ (36; 33), observed at 470:7 nm. From Ref. [32]. (a) DATS spectrum, showing
a spike at the laser timing, followed by a depletion of the continuum intensity. (b) The resonance shape.

(36; 33) transition. This !nding was also consistent with the Auger transition rule. Fig. 33(a) shows
a resonance spike in DATS, which is followed by a signi!cant amount of intensity depletion in the
continuum region. This will be discussed in detail in next section.
Fig. 34 shows the comparison of the experimentally determined transition wavelengths with the

theoretical values for the two transitions, (39; 35)→ (38; 34) and (37; 34)→ (36; 33), as of 1994. The
agreement was at the level of ≈ 0:1%. The symbols, BO, CI, VM and CR, refer, respectively, to the
molecular model with the Born–Oppenheimer approximation (BO) [20,79], the atomic con!guration–
interaction calculation (CI) [18], the large con!guration–space variational method (VM) [94,95] and
non-adiabatic coupled rearrangement channel variational calculations (CR) [96]. As of 1994 the
theoretical uncertainty in predicting the transition energies of this three-body Coulomb system was
believed to be 0.1%. The theoretical values served as useful guides for resonance search, but the
scanning time needed for per resonance was considerable.
This theoretical situation was dramatically improved in 1995, when Korobov [21], with his

molecular-expansion variational method, claimed to have succeeded to calculate the wavelengths of
the two known transitions with 1 ppm precision (see Fig. 35:top), and provided us with predictions
for other transitions as well.
We therefore used Korobov’s calculated values as the initial points of laser-resonance search and

succeeded in 1995 to !nd three new favoured transitions (two for "p3He+ [33], and one for "p4He+

using the double-resonance method described below [34]). In addition we found two unfavoured
transitions [35] (see the next subsection).



$%

Theory
(more on theory by V.I. Korobov)
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Fig. 35. Experimental values for the four laser-induced transitions compared with the non-relativistic calculations by
Korobov [21]. From [33].

Korobov’s calculated values in comparison with the experimental values are shown in Fig. 35 for
the four transitions, two for !p4He+ and two for !p3He+. The theoretical values are not only in good
agreement with the experimental values but also seem to deviate systematically from the experiments.
These “50 ppm red shifts” were soon accounted for by including the relativistic correction to the
electron’s motion (Korobov and Bakalov, [22]).
The single-laser technique described so far will not work if the upper and lower levels are both

metastable, since at any given instant their populations can be expected to be almost equal. We found
the (38; 35) → (37; 34) transition [34] by a “double-resonance” method, the "rst laser being set to
the already known 470-nm resonance, (n; l) = (37; 34) → (36; 33), while the (38; 35) → (37; 34)
transition was searched for by scanning a second laser. The upper resonant condition then revealed
itself as an increase in the height of the 470-nm annihilation peak.
The pulses that ignited the two lasers were synchronised to within ∼5 ns, although the unavoidable

time jitter of the excimer lasers that pump the tunable dye lasers caused the actual light pulse arrival
time to vary with a FWHM of ∼15 ns. However, this jitter was well within the width of the light
pulse (∼30–40 ns), so that the two laser pulses almost always overlapped in time. The expected
enhancement of the lower (38; 35)→ (37; 34) transition was soon found at an upper wavelength of
529:622 nm [34]. This can be seen in Fig. 36, which compares the annihilation time spectra with
the second laser o#- and on-resonance (left and right panels).

Theory precision ~ 1000 ppm

~300 larger than the laser 
bandwidth of ~3GHz

Took weeks to hit the resonance

F.E. Maas et al., Phys. Rev. A 52 (1995) 4266.
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Fig. 35. Experimental values for the four laser-induced transitions compared with the non-relativistic calculations by
Korobov [21]. From [33].

Korobov’s calculated values in comparison with the experimental values are shown in Fig. 35 for
the four transitions, two for !p4He+ and two for !p3He+. The theoretical values are not only in good
agreement with the experimental values but also seem to deviate systematically from the experiments.
These “50 ppm red shifts” were soon accounted for by including the relativistic correction to the
electron’s motion (Korobov and Bakalov, [22]).
The single-laser technique described so far will not work if the upper and lower levels are both

metastable, since at any given instant their populations can be expected to be almost equal. We found
the (38; 35) → (37; 34) transition [34] by a “double-resonance” method, the "rst laser being set to
the already known 470-nm resonance, (n; l) = (37; 34) → (36; 33), while the (38; 35) → (37; 34)
transition was searched for by scanning a second laser. The upper resonant condition then revealed
itself as an increase in the height of the 470-nm annihilation peak.
The pulses that ignited the two lasers were synchronised to within ∼5 ns, although the unavoidable

time jitter of the excimer lasers that pump the tunable dye lasers caused the actual light pulse arrival
time to vary with a FWHM of ∼15 ns. However, this jitter was well within the width of the light
pulse (∼30–40 ns), so that the two laser pulses almost always overlapped in time. The expected
enhancement of the lower (38; 35)→ (37; 34) transition was soon found at an upper wavelength of
529:622 nm [34]. This can be seen in Fig. 36, which compares the annihilation time spectra with
the second laser o#- and on-resonance (left and right panels).

Theory precision ~ 50 ppm

Shifted in a systematic way

< hour to find a new resonance

Variational calculation of energy levels in p He1 molecular systems

V. I. Korobov
Joint Institute for Nuclear Research, Dubna, Russia

~Received 29 April 1996!

A variational calculation is presented of energy levels for the nonrelativistic Hamiltonian of the metastable
antiprotonic helium atom p 3,4He1. This calculation is based on a molecular expansion of the wave function.
We estimate the precision of the results to be about 1027 a.u. @S1050-2947~96!50708-0#

PACS number~s!: 36.10.2k, 31.15.Ar

It has been recently discovered in experiments @1,2# that
antiprotons stopped in liquid and gas helium can form meta-
stable states in neutral p He1 atoms with overall mean life
up to several msec, as first suggested by Condo for p

2 and
K2 mesons @3#. In the last two years radiative transition
wavelengths of 597.25960.002 nm @4# and 470.72460.002
nm @5# have been measured in (n ,l)!(n21,l21) transi-
tions by means of a laser-induced annihilation technique.
However, at present, the theoretical estimates @6–9# yield
numerical results with a wavelength error about 0.121 nm
~200–2000 ppm!. This uncertainty is clearly inadequate for
meaningful comparison with the high-precision experimental
results. The variational calculation of p He1 energy levels
described hereunder has reduced the discrepancy between
theory and experiment to the level of 50 ppm for the above-
mentioned transitions and has furthermore considerably nar-
rowed the wavelength search ranges necessary in future ex-
periments.
The systems of interest consist of three particles, an elec-

tron of mass me and two nuclei of masses M a and M b ,
where a hereafter stands for the helium nucleus and b for the
antiproton. The nonrelativistic Hamiltonian ~in atomic units
e5\5me51) after separating the center of mass motion
can be written in Jacobian coordinates as
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where R is the position vector of nucleus b relative to
nucleus a , r is the position vector of the electron relative to
the center of mass of the nuclei, and ra and rb are the relative
electron-nucleus distances.
Let the total three-body wave function be C(R,r). We

can introduce the states with the total orbital angular momen-
tum L , its projection on the z axis of the fixed frame M , and
total spatial parity l as follows:
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are the symmetrized Wigner D functions. The components
are numbered by the subscript m50,1, . . . , defining the azi-
muthal magnetic quantum number with respect to the mov-
ing frame. In what follows we will denote them also as s ,
p , etc., in accordance with the usual notation adopted in
molecular physics. The states with l5(21)L are referred to
as states of normal spatial parity ~or as parity-favored states!
and those with l52(21)L as states of anomalous parity ~or
as parity-unfavored states!. The summation index m in ~2!
starts from 0 for the states of normal parity and from 1 oth-
erwise. The Condo model @3# of metastability suggests that
the negatively charged heavy particle is captured into the
circular or nearly circular orbit of an atom with remaining
electron situated in its ground state. As can be seen from ~2!
the anomalous parity states should have an excited electron
orbital with m>1 and decay rapidly via Auger transitions. In
what follows we will consider only the states of normal spa-
tial parity.
The functions Fm

Ll(R ,r ,u) have to satisfy the natural con-
dition

Fm
Ll

~

R ,r ,u
!

5sinm
u Hm

Ll

~

R ,r ,u
!

, ~3!

where Hm
Ll(R ,r ,u) is a bounded function of variables R , r ,

and u . This condition ensures the analyticity of the total
wave function C(R,r) in the case when the three particles
lie on the same line.
It is convenient to compare the expansion based on

Wigner D functions with the expansion based on bipolar
harmonics @11#:

CM
Ll

~

R,r
!

5
(

l11l25L
Rl1rl2

$

Y l1
^ Y l2%LMGl1l2

Ll

~

R ,r ,u
!

,

~4!

for the states of normal parity l5(21) l11l25(21)L. The
components Gl1l2

Ll (R ,r ,u) are some bounded functions of the
internal variables. Equations ~4! explicitly describe the rota-
tional movement of the antiproton with respect to the helium
nucleus and the asymptotic behavior of the wave function in
the vicinity of the coalescence point.
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I. INTRODUCTION

Metastable states of an exotic atom He" p̄ were of consid-
erable interest in the past years. After first observation at
KEK of the delayed annihilation phenomena, when about
3.6% of antiprotons injected into the helium target #1$ sur-
vived as long as a few microseconds, precise spectroscopic
measurements of several transition lines both in 4He and
3He atoms have been performed at CERN #2,3$. It was ex-
pected that such longevity could be explained by the stability
model suggested by Condo #4$. According to this hypothesis,
antiprotons that occupy nearly circular orbits !with n%40)
decay by slow radiative transitions only. Further theoretical
calculations of the transition energies #5$ that brought agree-
ment between theory and experiment to about 5–10 ppm
have rigorously confirmed the Condo model.
In the recent precise measurements #6$ carried out at

CERN, a daughter state of the measured transition, in gen-
eral, is a state decaying via Auger channel. That allows to
observe a spike in the annihilation time spectra when a laser
wavelength is on-resonance. To meet the requirements of
these experiments, it is necessary to perform an accurate
study of the ‘‘Auger states.’’
Very precise nonrelativistic energies and wave functions

have been obtained for the metastable states which decay
dominantly via radiative channels #7$. In this case one can
effectively apply the Feshbach formalism, when the Hamil-
tonian is projected onto the subspace of closed channels that
still provide a sufficiently accurate zero-order approximation
for the wave function. The other advantage is that the stan-
dard variational technique may be applied. In case when the
Auger decay becomes dominant, the state should be consid-
ered as an essentially resonant one, and more sophisticated
methods are required.
In a present calculation, we apply the complex-coordinate

rotation !CCR" method #8$ to this problem.

II. THE FESHBACH FORMALISM

The exotic helium atoms under consideration consist of an
electron of mass me , a helium nucleus of mass MHe , and a

negatively charged antiproton p̄ of mass Mp̄ . The nonrela-
tivistic Hamiltonian !in atomic units e#&#me#1) reads

H#T"V

#!
1

2'1

“R
2!

1

2'2

“r
2!

1

MHe

“R•“r!
2

R
!
2

r
"

1

!R!r! ,

'1
!1#MHe

!1"MX
!1 , '2

!1#MHe
!1"me

!1 , !1"

where R and r are the position vectors of p̄ and of the elec-
tron relative to the helium nucleus, while T and V denote the
operators of kinetic and potential energy.
The wave function of a state of total angular momentum

L, its projection M onto z axis of the space-fixed frame, and
total spatial parity ( may be written as

)M
L(!R,r"# *

l"le#L
Rlrle+Y l!Y le,LMGlle

L(!R ,r ,-", !2"

where the components Glle

L((R ,r ,-) are functions of the in-
ternal degrees of freedom and are expanded as follows:

Glle

L(!R ,r ,-"#*
i#1

.

Cie
!/ iR!0 ir!1 i!R!r!. !3"

The complex parameters / i , 0 i , and 1 i are generated in a
quasirandom manner #7$:

/ i#" ! ! 12 i! i"1 "!p/"!A2!A1""A1#
"i" ! 12 i! i"1 "!q/"!A2!!A1!""A1!# , !4"

!x " designates the fractional part of x, p/, and q/ are some

prime numbers, #A1 ,A2$ and #A1! ,A2!$ are real variational
intervals which need to be optimized. Parameters 0 i and 1 i

are obtained in a similar way.
To get a Feshbach-type closed-channel solution, one

needs to retain in expansion !2" components with small le
!angular momentum of an electron" and if le

(max)$2l , where
2l#l!l! is the smallest energetically possible change of the
antiproton orbital angular momentum in the Auger transition,

#He" p̄$n ,l→#He2" p̄$n!,l!"e!,
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I. INTRODUCTION

Metastable states of an exotic atom He" p̄ were of consid-
erable interest in the past years. After first observation at
KEK of the delayed annihilation phenomena, when about
3.6% of antiprotons injected into the helium target #1$ sur-
vived as long as a few microseconds, precise spectroscopic
measurements of several transition lines both in 4He and
3He atoms have been performed at CERN #2,3$. It was ex-
pected that such longevity could be explained by the stability
model suggested by Condo #4$. According to this hypothesis,
antiprotons that occupy nearly circular orbits !with n%40)
decay by slow radiative transitions only. Further theoretical
calculations of the transition energies #5$ that brought agree-
ment between theory and experiment to about 5–10 ppm
have rigorously confirmed the Condo model.
In the recent precise measurements #6$ carried out at

CERN, a daughter state of the measured transition, in gen-
eral, is a state decaying via Auger channel. That allows to
observe a spike in the annihilation time spectra when a laser
wavelength is on-resonance. To meet the requirements of
these experiments, it is necessary to perform an accurate
study of the ‘‘Auger states.’’
Very precise nonrelativistic energies and wave functions

have been obtained for the metastable states which decay
dominantly via radiative channels #7$. In this case one can
effectively apply the Feshbach formalism, when the Hamil-
tonian is projected onto the subspace of closed channels that
still provide a sufficiently accurate zero-order approximation
for the wave function. The other advantage is that the stan-
dard variational technique may be applied. In case when the
Auger decay becomes dominant, the state should be consid-
ered as an essentially resonant one, and more sophisticated
methods are required.
In a present calculation, we apply the complex-coordinate

rotation !CCR" method #8$ to this problem.

II. THE FESHBACH FORMALISM

The exotic helium atoms under consideration consist of an
electron of mass me , a helium nucleus of mass MHe , and a

negatively charged antiproton p̄ of mass Mp̄ . The nonrela-
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where R and r are the position vectors of p̄ and of the elec-
tron relative to the helium nucleus, while T and V denote the
operators of kinetic and potential energy.
The wave function of a state of total angular momentum

L, its projection M onto z axis of the space-fixed frame, and
total spatial parity ( may be written as
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"i" ! 12 i! i"1 "!q/"!A2!!A1!""A1!# , !4"

!x " designates the fractional part of x, p/, and q/ are some

prime numbers, #A1 ,A2$ and #A1! ,A2!$ are real variational
intervals which need to be optimized. Parameters 0 i and 1 i

are obtained in a similar way.
To get a Feshbach-type closed-channel solution, one

needs to retain in expansion !2" components with small le
!angular momentum of an electron" and if le

(max)$2l , where
2l#l!l! is the smallest energetically possible change of the
antiproton orbital angular momentum in the Auger transition,

#He" p̄$n ,l→#He2" p̄$n!,l!"e!,
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Er!"2.847 324 042!3 " a.u.,

#/2!3.714!3 "#10"5 a.u.

The uncertainty in the calculated parameters of the resonance

is about 10"9 a.u. That is somewhat less accurate than in a

case of states with a dominance of the radiative decay mode.

The reason for that is an absence of simple criteria for choos-

ing optimal variational parameters as in case of the standard

variational principle for bound states.

From these calculations, the Auger decay rates can be

extracted. Table II contains the Auger rates obtained by the

approach expounded above, which are compared with ex-

perimental measurements and other theoretical calculations.

It is required to note that beyond the Auger decay, other

effects such as collisional quenching have influence on ex-

perimental data. As is seen from the table, our results are in

a rather good agreement with previous theoretical calcula-

tions. Especially, good agreement is with our previous calcu-

lations $14%, except for one case of (37,33) state, which has
been marked in Ref. $14% as not converging. It is worth say-
ing that in the early calculation, a different type of basis

functions has been used and a Feshbach-like formalism has

been applied to get the Auger width.

IV. LEADING-ORDER RELATIVISTIC CORRECTIONS

FOR THE RESONANT STATES

In this work, we will consider the spin-independent part

of a transition energy only. The major contribution beyond

the nonrelativistic transition energy comes from the relativ-

istic correction for the bound electron,

Erc!&2! "
pe
4

8me
3

$
4'

8me
2

$ZHe(!rHe"$Zp̄(!rp̄"%" . !9"

The other terms of the Breit Hamiltonian, which have to

be considered, are the following: the relativistic correction to

the kinetic energy for heavy particles !including the Darwin
term for an antiproton",

Ekin!"&2! pHe
4

8mHe
3

$
p
p̄

4

8m
p̄

3 "
Zp̄

8m
p̄

24'(!rp̄"" ; !10"

the retardation !or the transverse photon exchange",

Eret!"&2)
i% j

ZiZ j

2mim j
! pi•pjr i j

$
ri j!ri j•pi"pj

r i j
3 " ; !11"

and the nuclear finite-size correction,

EFSC!)
2'Zi!Ri /a0"

2

3
*(!ri"+, !12"

where R is the root-mean-square radius of the nuclear charge

distribution. The rms radius for the helium nucleus and anti-

proton is, respectively, R(4He)!1.673(1) fm, R( p̄)

!0.862(12) fm.
The last three contributions are less than the leading con-

tribution from Eq. !9" by three or four orders of magnitude.
That means that they can be calculated using the closed-

channel zero-order wave function, since a relative accuracy

of ,10"4 is sufficient for these corrections. On the contrary,

the leading contribution requires more accurate zero-order

approximation, which can be obtained within the framework

of the complex-coordinate rotation approach.

In this case a perturbation theory has to be formulated,

which can be applied to resonant states. The relevant theory

is provided by the theorem proved by Simon $17%.
Theorem. Let H be a three-body Hamiltonian with the

Coulomb pairwise interaction, and W(-) be a dilatation ana-
lytic perturbation. Let E0 be an isolated simple resonance

FIG. 1. !Color online" Rotational paths for the (38,33) state of
4He$ p̄ . The point on the plot where the paths are nearly stationary

determines a position of the resonance on the complex plane. Pa-

rameters of the resonance for this state derived from the plot are

Er!"2.847 324 042(3) a.u. and #/2!3.714(3)#10"5 a.u.

TABLE II. Comparison of theoretical Auger decay rates .A and experimentally measured decay rates !in

s"1) for the 4He$ p̄ atom.

State /l Expt. $13% $14% $15% $16% CCR

!38,33" 2 3.85(26)#1011 3.1#1011 3#1011 3.08#1011 3.071(3)#1011

!37,33" 3 1.11(16)#1011 5.7#109 3#1010 4.41#1010 4.21(2)#1010

!38,34" 3 1.11(7)#108 1.3#108 1.4#108 1.344(4)#108

!34,32" 3 1.45(16)#108 2.2#108 2.3#108 1.84#108 2.260(3)#108
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and the one-loop vacuum polarization:
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The only quantity that needs numerical evaluation is the

Bethe logarithm, which arises from the ultrasoft photon con-

tribution and can be expressed as )21,22*

ln
k0

R"
!

#J%H"E0&ln)%H"E0&/R"*J'
#J%H"E0&J'

,

where J!+ iz ivi!+ iz ipi /mi is a nonrelativistic electric cur-

rent operator for a dynamical system. The denominator can

be easily expanded:

#0%J%E0"H &J%0'!"#0%J)H ,J*%0'/2

!2(! z1z2# z1m1

"
z2

m2
$ 2#$%r12&'

#z1z3# z1m1

"
z3

m3
$ 2#$%r13&'

#z2z3# z2m2

"
z3

m3
$ 2#$%r23&'" .

The numerical evaluation of the Bethe logarithm was carried

out following the scheme used in Ref. )23* and is based on
the closed-channel variational approximation for the zero-

order wave function.

The m!5 order recoil corrections )20* are smaller than
error bars in calculated values of the leading-order terms and

have not been included into consideration.

The main results of this work are summarized in Tables

IV and V, the nonrelativistic energies and expectation values

of various operators required for the determination of transi-

tion energies. For the helium-4 case, one state of a multipo-

larity ,l!4 is presented, namely, the (32,31) state. This is
because it was suspected that this state has an anomalously

small Auger lifetime due to a configuration mixture effect

)15*, when the closed-channel state %with le!0) is strongly
coupled with excited electron configurations. As is seen from

this calculation, which includes excited electron configura-

tions in the variational trial function, that is not the case. The

numerical uncertainty in the nonrelativistic energy is pointed

out in parentheses as an uncertainty in the last digit.

Table VI shows contribution of different relativistic and

QED corrections to the final energy difference of the

(37,34)→(38,33) transition. As already mentioned, the lead-

ing contribution comes from the relativistic Breit correction

for the bound electron. The next to leading is the bound

electron self-energy. Recoil and finite size corrections are

almost negligible in comparison with uncertainty. It is note-

TABLE V. Multipolarities of the Auger transition ,l , nonrelativistic energies Enr %in atomic units&, Auger
widths - %in atomic units&, expectation values of operators pe

4 , $(rHe), and $(rp̄) for the Auger states of the
3He# p̄ atom.

State ,l Enr -/2 pe
4 $(rHe) $(rp̄) .(n ,l)

%38,33& 3 "2.7562177355(3) 3.38$10"8 52.2796 1.71296 0.04549 4.4279

%37,33& 3 "2.82196302536(3) 4.26$10"9 48.6427 1.60404 0.05369 4.4414

%37,32& 2 "2.83307489(1) 8.12$10"6 49.2841 1.62261 0.05220 4.4369

%36,32& 3 "2.9087979751(1) 5.8$10"9 45.6212 1.51328 0.06138 4.4527

%35,32& 3 "2.99540435174(2) 8.17$10"9 41.6764 1.39520 0.07159 4.4712

%35,31& 2 "3.00689318(1) 1.767$10"5 42.4005 1.41545 0.06868 4.4648

%34,31& 3 "3.10612885528(1) 8.1$10"10 38.6976 1.30553 0.08006 4.4858

%33,31& 3 "3.21950724327(1) 8.28$10"9 34.7441 1.18716 0.09174 4.5110

%33,30& 2 "3.230815869(2) 1.126$10"5 35.8104 1.21828 0.08832 4.498

%30,29& 3 "3.685380849484(3) 1.469$10"8 25.9971 0.92377 0.12145 4.57885

TABLE VI. Contributions from different relativistic and QED

corrections to the energy of the (37,34)→(38,33) transition.

Enr ! 420 158 166%20&
Erc ! "43 753%30&

Erc-QED ! 360

Ese ! 5 929%5&
Evp ! "189

Ekin ! "4

Eret ! "65

E fsc ! 4

Etotal ! 420 120 448%40&
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I. INTRODUCTION

Metastable states of an exotic atom He" p̄ were of consid-
erable interest in the past years. After first observation at
KEK of the delayed annihilation phenomena, when about
3.6% of antiprotons injected into the helium target #1$ sur-
vived as long as a few microseconds, precise spectroscopic
measurements of several transition lines both in 4He and
3He atoms have been performed at CERN #2,3$. It was ex-
pected that such longevity could be explained by the stability
model suggested by Condo #4$. According to this hypothesis,
antiprotons that occupy nearly circular orbits !with n%40)
decay by slow radiative transitions only. Further theoretical
calculations of the transition energies #5$ that brought agree-
ment between theory and experiment to about 5–10 ppm
have rigorously confirmed the Condo model.
In the recent precise measurements #6$ carried out at

CERN, a daughter state of the measured transition, in gen-
eral, is a state decaying via Auger channel. That allows to
observe a spike in the annihilation time spectra when a laser
wavelength is on-resonance. To meet the requirements of
these experiments, it is necessary to perform an accurate
study of the ‘‘Auger states.’’
Very precise nonrelativistic energies and wave functions

have been obtained for the metastable states which decay
dominantly via radiative channels #7$. In this case one can
effectively apply the Feshbach formalism, when the Hamil-
tonian is projected onto the subspace of closed channels that
still provide a sufficiently accurate zero-order approximation
for the wave function. The other advantage is that the stan-
dard variational technique may be applied. In case when the
Auger decay becomes dominant, the state should be consid-
ered as an essentially resonant one, and more sophisticated
methods are required.
In a present calculation, we apply the complex-coordinate

rotation !CCR" method #8$ to this problem.

II. THE FESHBACH FORMALISM

The exotic helium atoms under consideration consist of an
electron of mass me , a helium nucleus of mass MHe , and a

negatively charged antiproton p̄ of mass Mp̄ . The nonrela-
tivistic Hamiltonian !in atomic units e#&#me#1) reads
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where R and r are the position vectors of p̄ and of the elec-
tron relative to the helium nucleus, while T and V denote the
operators of kinetic and potential energy.
The wave function of a state of total angular momentum

L, its projection M onto z axis of the space-fixed frame, and
total spatial parity ( may be written as
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where the components Glle

L((R ,r ,-) are functions of the in-
ternal degrees of freedom and are expanded as follows:
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The complex parameters / i , 0 i , and 1 i are generated in a
quasirandom manner #7$:

/ i#" ! ! 12 i! i"1 "!p/"!A2!A1""A1#
"i" ! 12 i! i"1 "!q/"!A2!!A1!""A1!# , !4"

!x " designates the fractional part of x, p/, and q/ are some

prime numbers, #A1 ,A2$ and #A1! ,A2!$ are real variational
intervals which need to be optimized. Parameters 0 i and 1 i

are obtained in a similar way.
To get a Feshbach-type closed-channel solution, one

needs to retain in expansion !2" components with small le
!angular momentum of an electron" and if le

(max)$2l , where
2l#l!l! is the smallest energetically possible change of the
antiproton orbital angular momentum in the Auger transition,
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The uncertainty in the calculated parameters of the resonance

is about 10"9 a.u. That is somewhat less accurate than in a

case of states with a dominance of the radiative decay mode.

The reason for that is an absence of simple criteria for choos-

ing optimal variational parameters as in case of the standard

variational principle for bound states.

From these calculations, the Auger decay rates can be

extracted. Table II contains the Auger rates obtained by the

approach expounded above, which are compared with ex-

perimental measurements and other theoretical calculations.

It is required to note that beyond the Auger decay, other

effects such as collisional quenching have influence on ex-

perimental data. As is seen from the table, our results are in

a rather good agreement with previous theoretical calcula-

tions. Especially, good agreement is with our previous calcu-

lations $14%, except for one case of (37,33) state, which has
been marked in Ref. $14% as not converging. It is worth say-
ing that in the early calculation, a different type of basis

functions has been used and a Feshbach-like formalism has

been applied to get the Auger width.

IV. LEADING-ORDER RELATIVISTIC CORRECTIONS

FOR THE RESONANT STATES

In this work, we will consider the spin-independent part

of a transition energy only. The major contribution beyond

the nonrelativistic transition energy comes from the relativ-

istic correction for the bound electron,

Erc!&2! "
pe
4

8me
3

$
4'

8me
2

$ZHe(!rHe"$Zp̄(!rp̄"%" . !9"

The other terms of the Breit Hamiltonian, which have to

be considered, are the following: the relativistic correction to

the kinetic energy for heavy particles !including the Darwin
term for an antiproton",

Ekin!"&2! pHe
4

8mHe
3

$
p
p̄

4

8m
p̄

3 "
Zp̄

8m
p̄

24'(!rp̄"" ; !10"

the retardation !or the transverse photon exchange",

Eret!"&2)
i% j

ZiZ j

2mim j
! pi•pjr i j

$
ri j!ri j•pi"pj

r i j
3 " ; !11"

and the nuclear finite-size correction,

EFSC!)
2'Zi!Ri /a0"

2

3
*(!ri"+, !12"

where R is the root-mean-square radius of the nuclear charge

distribution. The rms radius for the helium nucleus and anti-

proton is, respectively, R(4He)!1.673(1) fm, R( p̄)

!0.862(12) fm.
The last three contributions are less than the leading con-

tribution from Eq. !9" by three or four orders of magnitude.
That means that they can be calculated using the closed-

channel zero-order wave function, since a relative accuracy

of ,10"4 is sufficient for these corrections. On the contrary,

the leading contribution requires more accurate zero-order

approximation, which can be obtained within the framework

of the complex-coordinate rotation approach.

In this case a perturbation theory has to be formulated,

which can be applied to resonant states. The relevant theory

is provided by the theorem proved by Simon $17%.
Theorem. Let H be a three-body Hamiltonian with the

Coulomb pairwise interaction, and W(-) be a dilatation ana-
lytic perturbation. Let E0 be an isolated simple resonance

FIG. 1. !Color online" Rotational paths for the (38,33) state of
4He$ p̄ . The point on the plot where the paths are nearly stationary

determines a position of the resonance on the complex plane. Pa-

rameters of the resonance for this state derived from the plot are

Er!"2.847 324 042(3) a.u. and #/2!3.714(3)#10"5 a.u.

TABLE II. Comparison of theoretical Auger decay rates .A and experimentally measured decay rates !in

s"1) for the 4He$ p̄ atom.

State /l Expt. $13% $14% $15% $16% CCR

!38,33" 2 3.85(26)#1011 3.1#1011 3#1011 3.08#1011 3.071(3)#1011

!37,33" 3 1.11(16)#1011 5.7#109 3#1010 4.41#1010 4.21(2)#1010

!38,34" 3 1.11(7)#108 1.3#108 1.4#108 1.344(4)#108

!34,32" 3 1.45(16)#108 2.2#108 2.3#108 1.84#108 2.260(3)#108

METASTABLE STATES IN THE ANTIPROTONIC . . . PHYSICAL REVIEW A 67, 062501 !2003"

062501-3

add self energy (~15 ppm)

Bethe logarithm
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Fig. 67. Fine comparison of the wavelengths for the (39; 35)→ (38; 34) transition at 597 nm and the (37; 34)→ (36; 33)
transition at 470 nm between the experiment and the theory. The experimental values of the vacuum wavelengths
for transitions (39; 35) → (38; 34) and (37; 34) → (36; 33) are compared with recent theoretical values [22–24,26],
which agree within precisions of a few ppm when the relativistic corrections and the Lamb shift are taken into account.
From [38].

the Lamb shift are precise within a computational uncertainty of 0.5 ppm. In addition, he estimates
that the contributions of higher-order relativistic and QED terms to the energies are at most one
order of magnitude smaller than the Lamb shift [80], which justi!es the ppm accuracy of his values.
These theoreticians are currently working towards even more accurate values, and further results
are anticipated. The state of the art in a high-precision calculation such as Korobov’s is shown
in Table 22.

9.4. Determination of the mass and charge of "p

What we have seen above in the study of antiprotonic helium is that every discrepancy between
experiment and theory has sooner or later been accounted for, sometimes by improvements in the
theory, sometimes in the experimental techniques and sometimes in both. This kind of fruitful and
productive interplay between experiment and theory is of course familiar from the history of the
hydrogen atom over the past century. In both cases this interplay is seemingly endless as experiment
and theory advance step by step towards higher and higher precision: systematic errors in the theory
are !rst revealed by comparison with experimental results, then included in an improved theory,
with the improved theory itself then leading the experimenter onwards to the goal of still more
accurate measurements. In the case of an irreconcilable discrepancy, we would be led to question
the underlying theoretical assumptions on the CPT invariance that the charge, mass, and magnetic
moment of the antiproton are identical to those of the proton. At any given point of this iterative
sequence, the agreement between theory and experiment can therefore be interpreted as a degree
of con!dence in this fundamental theorem. (We reject as extremely unlikely the possibility that the

p̅He first appeared in PDG
everyone was ecstatic
end of LEAR PS205

H.A. Torii et al., Phys. Rev. A 59 (1999) 223.

relative precision ~0.5ppm

note: wavelength comparison
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Figure 7. Comparison of measured and calculated transition frequencies for the (39, 35) →
(38, 34) transition of p̄4He+.

magnetic moment is much larger than the spin one, and the angular momentum coupling
scheme proceeds as follows:

F = Lp̄ + Sē,

J = F + Sp̄ = Lp̄ + Sē + Sp̄. (26)

Figure 8 (left) shows the resulting hyperfine splitting of p̄4He+. The dominant splitting
arising from the interaction of the antiproton angular momentum and the electron spin leads
to a splitting into a doublet F + and F− and is called a hyperfine (HF) splitting. The antiproton
spin leads to a further, smaller splitting into a quadruplet J ++, J +−, J−+ and J−− called
superhyperfine (SHF) splitting.

In the case of p̄3He+, each level splits into an octet as shown in figure 8 (right), due to an
additional coupling to the 3He (helion) nuclear spin Sh [96]:

F = Lp̄ + Sē

G = F + Sh = Lp̄ + Sē + Sh

J = G + Sp̄ = Lp̄ + Sē + Sh + Sp̄. (27)

Although the helion magnetic moment is smaller than the antiproton one, its overlap with the
electron cloud is larger and therefore the coupling scheme shown above is more stable.

The hyperfine structure has been first calculated by Bakalov and Korobov (BK) [97] who
showed that the HF splitting is in the order of νHF = 10–15 GHz, while the SHF slitting is
about two orders of magnitude smaller: νSHF = 0.1–0.3 GHz. Note that in laser transitions,
it is the difference between the two hyperfine splittings which comes into play. In the case
of (n, ") → (n + 1, " − 1) transitions (unfavored transitions), the splitting is of the order
of 1.5 Gz and can be partially resolved in the laser resonance profiles, while in the case of
(n, ") → (n − 1, " − 1) transitions (favored transitions) it is less than 0.5 GHz and hence
cannot be easily resolved. In order to determine the hyperfine splittings, it is necessary to
induce microwave transitions as indicated by wavy lines in figure 8, as discussed in detail in
section 5.

LEAR ← →AD
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Fig. 75. Progress of theoretical and experimental precision on the antiprotonic helium transition energies between 1992
and 2000. The interruption caused by the closure of LEAR and the opening of the AD is clearly visible as a kink in the
experimental trend line.

the joint successes of QED and computing techniques (for muonium), and three-body calculations (in
the case of antiprotonic helium) seem able to follow the experimental developments. In the muonium
case what is being tested is QED. For antiprotonic helium it is, if the three-body calculations are
assumed to be correct, the CPT theorem (according to which all the antiproton’s properties should
be identical to those of the proton); if the CPT theorem is assumed to be correct, it is the quality
of the three-body calculations themselves. As a CPT laboratory, antiprotonic helium in fact rivals
antihydrogen: the antiproton mass determination that follows from measuring the Rydberg constant
in !pHe+ to one part in 108 is equivalent to that which follows from measuring the 1S–2S frequency
in antihydrogen to one part in 1011. The reason for this is that it is the reduced mass of the positron
that enters directly into the antihydrogen Rydberg, rather than that of the antiproton itself, as is the
case in !pHe+.

11.5. Chemico-physical aspects

Apart from the special role it plays because of its longevity and by the presence within it of an
antiproton, the !pHe+ atomcule is an extremely unusual entity in itself. Thus in one sense it is an
exotic helium atom, in which the intruder (the antiproton) has a large-l, well-de"ned, and therefore

T. Yamazaki, N. Morita, RS. Hayano, E. 
Widmann, John Eades,
Physics Reports 366 (2002) 183–329
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Figure 14. Delayed annihilation time spectrum measured using a pulsed antiproton beam [132],
with the resonance transition (n, !) = (39, 35) → (38, 34) at wavelength λ = 597.3 nm induced
at t = 1.6 µs (a). The hatched area represents the estimated contribution of π+ → µ+ → e+

decay. The background-free spectrum measured using a continuous antiproton beam at the same
target conditions, the spike induced at the same timing (b).

Now among the many E1 transitions involving p̄4He+ states of n ! 40, the following two
types (some of which are shown in figure 15) are most amiable to laser spectroscopy.

• (n, !) → (n − 1, ! − 1) (i.e. $v = 0), which lie in the wavelength region
λ = 264.7–776.1 nm. We call these ‘favored’ transitions, since they have the highest
rates corresponding to transition dipole moments µif = 0.2–0.8 D (1 Debye = 10−18 esu)
[76, 80, 133].

• (n, !) → (n + 1, ! − 1), characterized by $v = 2, λ = 395.6–1154.8 nm and
µif = 0.02–0.1 D. The partial rates of these ‘unfavored’ transitions are ∼100 times smaller
than in the favored case.

Note that the dipole moment µif is related to the spontaneous radiation rate 1/τ by the equation

1
τ

=
ω3µ2

if

3πεh̄c3
, (34)

wherein ω = 2πc/λ denotes the optical angular frequency of the laser and ε, h̄ and c the
dielectric constant of vacuum, the Planck constant divided by 2π and the speed of light.

The expected time evolution of the antiproton populations in the resonant parent
(n, !) = (39, 35) and daughter (38, 34) states under laser irradiation will reveal the laser
intensity needed to drive the transition within the microsecond-scale lifetime of p̄He+. To
calculate this, we integrate the optical Bloch equation for a single-photon transition induced

M. Hori et al., PHYSICAL REVIEW A 70, 012504 (2004).

DIGITAL

ANALOG

positrons (i.e., those produced by !+→"+→e+ decay) [36],
which could not be eliminated or accurately quantified due to
the analog nature of the measurement (see Sec. II). This
made it difficult to estimate the absolute number of antipro-
tons populating the p He+ states, normalized to the total num-
ber of stopped antiprotons. In experiments using the continu-
ous antiproton beam, p He+ were produced in an event-by-
event manner, allowing the antiprotons occupying individual
metastable states to be accurately counted under background-
free conditions. Due to technical reasons (see Sec. II), how-
ever, the laser could not be fired at time regions
t#1.6–1.8 "s [14]. We therefore used the pulsed antiproton
beam to measure the relative values of the populations at
early times, then relied on spectra obtained using the con-
tinuous beam to correctly normalize them.
We recently used the AD to study the primary populations

of 20 metastable states in the isotopes p 4He and p 3He [12].
The region n=37–40 accounted for nearly all of the ob-
served 3% fraction of antiprotons captured into metastable
states, which agreed with the estimation of Eq. (1). Unlike
LEAR, however, the AD can produce only a pulsed antipro-
ton beam, with a significant !+→"+→e+ background in the
measured p He+ spectra. The work of Ref. [12], therefore,
critically depended on comparisons with the data and analy-
sis reported here to obtain accurate values on the primary
populations.
In a previous paper [17], the shortening of the state life-

times caused by collisions between p He+ and helium atoms
was studied. State !39,35" had a lifetime $!39,35"
=1.5±0.1 "s, which was relatively unchanged between
atomic densities of the helium target %=2&1020 and
1.9&1022 cm−3. In contrast, the lifetime of state !37,34"

decreased from $!37,34"=1.2 "s at %=1&1020 cm−3 to
0.13 "s at 5.8&1021 cm−3. In the present work, we mea-
sured the effect of collisions on the population evolution of
states in the v=2 and 3 cascades, at densities between %=2
&1020 and 1.2&1022 cm−3. Systematic measurements of the
delayed annihilation time spectrum undisturbed by laser irra-
diation were also made at densities %=6&1020−2
&1022 cm−3.
The deduction and normalization of the primary popula-

tions is a complicated task, but it has been done and
presented here. The paper is organized in the following
way. Section II describes the laser spectroscopy experiments
of p He+ using pulsed and continuous antiproton beams
in some detail. Precise measurements of populations depend
on a variety of factors, the estimations of which are pre-
sented in Sec. III. The experimental data on the v=2 and 3
metastable cascades of p He+ are described in Sec. IV.
Finally, some discussions and conclusions are given in
Secs. V and VI.

FIG. 3. Schematic layout of the experiments using pulsed (top)
and continuous (bottom) antiproton beams.

FIG. 2. Delayed annihilation time spectrum measured using a
pulsed antiproton beam, with the resonance transition !n ,!"
= !39,35"→ !38,34" at wavelength '=597.3 nm induced at t
=1.6 "s (a). The hatched area represents the estimated contribution
of !+→"+→e+ decay. The background-free spectrum was mea-
sured using a continuous antiproton beam at the same target condi-
tions, the spike was induced at the same timing (b).

POPULATIONS AND LIFETIMES IN THE v=n−!−1=2… PHYSICAL REVIEW A 70, 012504 (2004)

012504-3
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Fig. 76. (Left) New laser resonance pro!les and their density shifts in "p4He∗, observed in the !rst year 2000 of the AD.
(Right) New comparison between experimental (!lled circles with errors) and theoretical (squares [80] and triangles [25])
values for six transitions frequencies in "p4He+. From Hori et al. [48].

Antihydrogen atoms were !rst identi!ed in a very peculiar reaction at LEAR [118],

"p + virtual photon → "H + e− ; (167)

using a high energy "p beam penetrating through a gas jet target of Xe, in which the above virtual
photons (and positron–electron pairs) are produced. However, no antihydrogen atom at low energy
applicable for spectroscopy has yet been produced to date, though dedicated e#orts will be paid in
the coming era of the AD [119,120].
The metastable "pHe+ as well as Ps can be produced in a common He target where antiprotons and

positrons are implanted. Ortho-positronium (ortho-Ps) is also metastable with lifetime of 140 ns in
vacuum. It is produced in helium medium and forms a bubble-like complex with an e#ective lifetime
of 50 ns. For the formation of the ground state "H and He0 the above reaction is an exothermic with
a Q value of 6:8 eV. A rough estimate for "H production was made in [117], by taking into account
the slowing down process of positrons and positronium in helium. Although a sizable amount of
antihydrogen atoms could be produced in a dense He target (which is necessary to increase the
stopping density), they are destined to die in the same target. Unless very low energy antiprotons
and positrons are used, the process (166) does not appear to meet the demand for antihydrogen
production for spectroscopy.

M. Hori et al.,  Phys. Rev. Lett. 87 (2001) 093401 
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Figure 7. Comparison of measured and calculated transition frequencies for the (39, 35) →
(38, 34) transition of p̄4He+.

magnetic moment is much larger than the spin one, and the angular momentum coupling
scheme proceeds as follows:

F = Lp̄ + Sē,

J = F + Sp̄ = Lp̄ + Sē + Sp̄. (26)

Figure 8 (left) shows the resulting hyperfine splitting of p̄4He+. The dominant splitting
arising from the interaction of the antiproton angular momentum and the electron spin leads
to a splitting into a doublet F + and F− and is called a hyperfine (HF) splitting. The antiproton
spin leads to a further, smaller splitting into a quadruplet J ++, J +−, J−+ and J−− called
superhyperfine (SHF) splitting.

In the case of p̄3He+, each level splits into an octet as shown in figure 8 (right), due to an
additional coupling to the 3He (helion) nuclear spin Sh [96]:

F = Lp̄ + Sē

G = F + Sh = Lp̄ + Sē + Sh

J = G + Sp̄ = Lp̄ + Sē + Sh + Sp̄. (27)

Although the helion magnetic moment is smaller than the antiproton one, its overlap with the
electron cloud is larger and therefore the coupling scheme shown above is more stable.

The hyperfine structure has been first calculated by Bakalov and Korobov (BK) [97] who
showed that the HF splitting is in the order of νHF = 10–15 GHz, while the SHF slitting is
about two orders of magnitude smaller: νSHF = 0.1–0.3 GHz. Note that in laser transitions,
it is the difference between the two hyperfine splittings which comes into play. In the case
of (n, ") → (n + 1, " − 1) transitions (unfavored transitions), the splitting is of the order
of 1.5 Gz and can be partially resolved in the laser resonance profiles, while in the case of
(n, ") → (n − 1, " − 1) transitions (favored transitions) it is less than 0.5 GHz and hence
cannot be easily resolved. In order to determine the hyperfine splittings, it is necessary to
induce microwave transitions as indicated by wavy lines in figure 8, as discussed in detail in
section 5.
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with no signi!cant dependence on the temperature. The density dependences of the wavelength !
and the frequency " thus have the form

!= !0 +
#!
##
# ; (112)

"= "0 +
#"
##
# ; (113)

where !0 and "0 are the extrapolated values at the zero-density limit.
We present the results of the pressure shift measurements on the two transitions in Table 15.

There is a distinct di"erence in the magnitude of the shift between the (39; 35) → (38; 34) and
(37; 34)→ (36; 33) transitions.

7.1.2. Theoretical estimates of pressure shifts and broadening
The existence of pressure shifts and broadening in resonance pro!les is a well known gen-

eral phenomenon. As hinted above, the present !nding in $pHe+ di"ers somewhat from usual in

H.A. Torii et al, Phys. Rev. A 59 (1999) 223,
Theory  D. Bakalov et al., Phys. Rev. Lett. 84 (2000) 2350.



  

R.S. Hayano, EXA2011

Antiproton pulse from AD
(10% of c)

Antiproton Decelerator
(1% of c, ~25% efficiency)

Photo CERN

Typical target 
density

1016-1018cm-3

1021cm-3

RFQD



  

R.S. Hayano, EXA2011

With RFQD

2036 R S Hayano et al

4He+p
–

(40,35)⇒(39,34)

(39,35)⇒(38,34)

(37,35)⇒(38,34)

(37,34)⇒(36,33)

(35,33)⇒(34,32)

(33,32)⇒(32,31)

(32,31)⇒(31,30)

( ν     − ν       ) / ν        (ppb)th exp exp

-200 -100 0 100 200

3He+p
–

(38,34)⇒(37,33)

(36,34)⇒(37,33)

(36,33)⇒(35,32)

(34,33)⇒(35,32)

(34,32)⇒(33,31)

(32,31)⇒(31,30)

( ν     − ν       ) / ν        (ppb)th exp exp

-200 -100 0 100 200

Figure 29. Comparisons between experimental νexp (filled circles with errors) and theoretical νth
(squares [81] and triangles [96]) transition frequencies [95].

Compared with the initial measurements [94] using the direct 5.3 MeV beam of AD, this
new series of experiments using the RFQD improved the precision by nearly eliminating
the systematic error associated with the density extrapolation (table 4). Nevertheless, there
remained a small collisional shift of around 0.1–4 MHz depending on the transition, which was
corrected to obtain the final in vacuo result. The precision of the laser frequency calibration
was also slightly improved. All other sources of statistical and systematic errors remained at
a similar level, which finally led to an experimental precision of (6–19) × 10−8, the highest
being for the p̄4He+ transition (35, 33) → (34, 32) at 372.6 nm. In figure 29, the frequencies
are compared with the results νth of theoretical calculations [77,81,96,163], the precisions of
which have been improved compared with those of those shown in figure 23. In the previous
5.3 MeV experiment [94], a theory–experiment difference of |(νth−νexp)/νexp| ∼ (5–7)×10−7

was observed in the p̄4He+ transition (39, 35) → (38, 34) at 597.3 nm; as a result of these
experimental and theoretical improvements, the difference was now reduced to <8 × 10−8.

3.7. Higher precision: cw pulse-amplified laser locked to a frequency comb

Having thus eliminated the collisional shift in the measured p̄He+ frequencies, further
improvements in the experimental precision (table 4) now required a higher-precision laser
system and more advanced techniques to stabilize the optical frequency. As we have seen
in figure 17, only pulsed lasers can provide the megawatt-scale intensities needed to induce
the p̄He+ transitions. Pulsed lasers are, however, characterized by large fluctuations in their
frequency and linewidth, and it is difficult to calibrate them over the wide range of p̄He+

wavelengths λ = 264.7–726.1 nm [138]. These problems were circumvented in the latest
series of p̄He+ experiments [51], which were based on a continuous-wave (cw) laser whose
frequency could be stabilized with a precision <4 × 10−10 against an optical frequency comb
generator [164–166]. Its intensity was then amplified [167–169] by a factor of 106 to produce
a pulsed beam with an accuracy and resolution of 1–2 orders of magnitude higher (table 4)
than before.

Many commercially available cw lasers can easily achieve a spectral resolution of<4 MHz,
and even %100 kHz with appropriate modifications to the laser cavity. This is why they are
used to carry out laser spectroscopy at the highest precision (e.g. on the 1s–2s transition of
atomic hydrogen [170]). It is the continuous nature of the laser output which enables this
precision; the frequency stabilization in cw lasers is typically carried out by monitoring the

Frequency measured to (6-19)×10-8

M. Hori, et al., PRL 91, 123401 (2003).
note: wavelength measurement
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Figure 7. Comparison of measured and calculated transition frequencies for the (39, 35) →
(38, 34) transition of p̄4He+.

magnetic moment is much larger than the spin one, and the angular momentum coupling
scheme proceeds as follows:

F = Lp̄ + Sē,

J = F + Sp̄ = Lp̄ + Sē + Sp̄. (26)

Figure 8 (left) shows the resulting hyperfine splitting of p̄4He+. The dominant splitting
arising from the interaction of the antiproton angular momentum and the electron spin leads
to a splitting into a doublet F + and F− and is called a hyperfine (HF) splitting. The antiproton
spin leads to a further, smaller splitting into a quadruplet J ++, J +−, J−+ and J−− called
superhyperfine (SHF) splitting.

In the case of p̄3He+, each level splits into an octet as shown in figure 8 (right), due to an
additional coupling to the 3He (helion) nuclear spin Sh [96]:

F = Lp̄ + Sē

G = F + Sh = Lp̄ + Sē + Sh

J = G + Sp̄ = Lp̄ + Sē + Sh + Sp̄. (27)

Although the helion magnetic moment is smaller than the antiproton one, its overlap with the
electron cloud is larger and therefore the coupling scheme shown above is more stable.

The hyperfine structure has been first calculated by Bakalov and Korobov (BK) [97] who
showed that the HF splitting is in the order of νHF = 10–15 GHz, while the SHF slitting is
about two orders of magnitude smaller: νSHF = 0.1–0.3 GHz. Note that in laser transitions,
it is the difference between the two hyperfine splittings which comes into play. In the case
of (n, ") → (n + 1, " − 1) transitions (unfavored transitions), the splitting is of the order
of 1.5 Gz and can be partially resolved in the laser resonance profiles, while in the case of
(n, ") → (n − 1, " − 1) transitions (favored transitions) it is less than 0.5 GHz and hence
cannot be easily resolved. In order to determine the hyperfine splittings, it is necessary to
induce microwave transitions as indicated by wavy lines in figure 8, as discussed in detail in
section 5.
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A femtosecond optical frequency comb and continuous-wave pulse-amplified laser were used to
measure 12 transition frequencies of antiprotonic helium to fractional precisions of "9–16# $ 10%9.
One of these is between two states having microsecond-scale lifetimes hitherto unaccessible to our
precision laser spectroscopy method. Comparisons with three-body QED calculations yielded an
antiproton-to-electron mass ratio of M !p=me & 1836:152 674"5#.

DOI: 10.1103/PhysRevLett.96.243401 PACS numbers: 36.10.%k, 06.20.Dk, 14.20.Dh, 32.70.Jz

We report here new measurements on the transition
frequencies of antiprotonic helium atoms ( !pHe! ' e% %
!p% 4He2!) [1] using a femtosecond optical frequency
comb [2,3] in conjunction with a continuous-wave (cw)
pulse-amplified laser (Fig. 1). Their experimental precision
is a factor 6–20 better than our previous best ones [4], and
now approaches those of, e.g., the 11s-21s [5] and 11s-21p
[6] transitions in ordinary helium. From the frequencies of
12 transitions measured to the Doppler-broadened limit at
a cryogenic temperature of 10 K, we have deduced the
mass and charge of the antiproton relative to both the
proton and the electron with a precision of the order of
the known proton-to-electron mass ratio [7].

Reference [4] describes how a radio-frequency quadru-
pole decelerator was used to slow down the antiprotons
emerging from the CERN Antiproton Decelerator to 100-
keV energies. They were then stopped in a helium target of
low atomic density !( 1018 cm%3 to produce !pHe!

atoms which filled a volume V ( 100 cm3. Antiprotons
in !pHe! states with high principal (n( 38) and angular
momentum (‘) quantum numbers reach the helium nucleus
over a period of several microseconds. The resulting de-
layed annihilation time spectra (DATS), i.e., the annihila-
tion rate versus time elapsed since !pHe! formation, was
measured by Cherenkov counters [Fig. 2(a)]. In all but one
of the present experiments, linearly polarized laser pulses
of energy density " & 0:04–1 mJ=cm2 (e.g., applied here
at t( 1 "s) stimulated transitions with dipole moments
0.02–0.3 D from these !pHe! states, to states with
nanosecond-scale lifetimes against Auger emission [1]
and annihilation. The resulting peak in the DATS signaled
the resonant frequency.

Only pulsed lasers can provide the megawatt-scale in-
tensities needed here to induce the !pHe! transitions.
However, fluctuations in their frequency and linewidth
and the difficulty of calibrating the wide range of !pHe!

wavelengths # & 264:7–726:1 nm have so far limited our
experimental precision [4]. We have now circumvented
these problems by basing our experiments on a cw laser
whose frequency $cw could be stabilized with a precision
<4$ 10%10 against an optical comb. Its intensity was then
amplified [6,8,9] by a factor 106 to produce a pulsed laser
beam of frequency $pl ( $cw with an accuracy and resolu-
tion 1–2 orders of magnitude higher than before [4].

This was done as follows: First, a Nd:YVO4 laser
(Coherent Verdi, B in Fig. 1) pumped either a ring
Ti:sapphire or dye laser (Coherent MBR-110 or 899-21),
thus producing cw laser beams covering the required wave-
lengths # & 574:8–941:4 nm with linewidth " & 1 or
4 MHz and power P( 1 W. This seed beam was amplified
in three dye cells pumped by a pulsed Nd:YAG laser
(Coherent Infinity, C) of # & 532 nm, energy E &
200 mJ, and length 3 ns. To decrease the Fourier-limited
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in three dye cells pumped by a pulsed Nd:YAG laser
(Coherent Infinity, C) of ! ! 532 nm, energy E !
200 mJ, and length 3 ns. To decrease the Fourier-limited
linewidth of the pulsed dye laser, the pump beam was split
into seven beams, to which incremental delays were added.
These were then merged to produce the stretched (20-ns-
long) pulse that irradiated each cell. The cells emitted laser
pulses with !" 60 MHz and E ! 5–20 mJ. The wave-
lengths ! ! 264:7–470:7 nm were obtained by
(i) frequency doubling the outputs at 574.8 nm and
728.8–941.4 nm in, respectively, beta-barium borate
(BBO) and lithium triborate (LBO) crystals, or
(ii) frequency tripling the 794.1-nm light using both
crystals.

The comb (Menlo Systems FC-8004) [2,3] constituted a
mode-locked Ti:sapphire laser (Femtolasers Femtosource
Scientific) pumped by a cw Nd:YVO4 laser (A in Fig. 1),
which produced 15-fs-long laser pulses of repetition rate
frep ! 200 MHz and average power P ! 0:7 W. The
spectral width ! ! 750–850 nm of these pulses was first
broadened to 500–1100 nm by propagating it through a
microstructure fiber. This beam was then used to stabilize
(i) the frequency offset foff ! 20 MHz common to all the
modes of the comb [2,3] and (ii) the cw seed laser to
frequency "cw ! ncfrep # foff # fdif which was fdif !
20 MHz above the ncth mode of the comb. The value nc !
1 592 190–2 607 811 was measured using a Fizeau wave-
length meter. All frequencies frep, foff , and fdif were
synchronized to a quartz oscillator, which was stabilized
to a timing signal provided by global positioning satellites.
The seed (and consequently the pulsed dye) laser was
scanned over a region $4 GHz around the "pHe# lines
by changing the above repetition rate from frep !
200:000 to 200.004 MHz. Doppler-free spectroscopy of
Rb and I2 in the seed beam indicated that its frequency
precision was <4% 10&10. A thermally stabilized, sealed
housing permitted 24-h operation during these months-
long experiments, and motorized stages optimized the
coupling of the beam into the fiber during the 100-s inter-
vals between antiproton pulses.

The frequency "pl of the dye laser pulse can deviate from
the seed value "cw due to sudden changes in the refractive

index of the dye during the amplification [6,9]. This so-
called chirp effect of magnitude #"c't( ! "pl't( & "cw can
shift the measured "pHe# frequencies "exp from their true
values, so it had to be corrected. The time evolution of
#"c't( was measured by (i) diverting part of the seed laser
and shifting its frequency by 400 MHz using an acousto-
optic modulator (AOM), (ii) superimposing this beam of
frequency "cw # 400 MHz and the dye laser pulse on a
photodiode, and recording their heterodyne beat signal
[Fig. 2(b)] with a digital oscilloscope of bandwidth f !
1:5 GHz and sampling rate 8 GHz, and (iii) using Fourier
analysis [6,8] to isolate any frequency deviation of this
signal from 400 MHz caused by a chirp of value #"c't(. In
Fig. 2(c), the chirp in a 597.3-nm laser pulse which
changed from #"c't( ! 50 to &70 MHz over its 20-ns
duration is shown by the solid line. We minimized
#"c't( (dashed line) using an electro-optic modulator
(EOM) to apply a frequency shift of opposite sign to the
seed laser, which canceled the chirp induced in the dye
cells [6,9,10]. Theoretical calculations [11] show that any
further shift in "exp caused by chirps induced in the BBO or
LBO crystals is <1–2 MHz.

The profile of the 'n; ‘( ! '36; 34( ! '37; 33( resonance
in "p3He# (i.e., the area under the DATS peak plotted
against the "pl value) is shown in Fig. 3(a). It contains
(i) eight intense lines (indicated by arrows) corresponding
to E1 transitions involving no spin-flip between the eight
hyperfine substates [12] of states '36; 34( and '37; 33(, and
(ii) 12 weak lines wherein one of the constituent particles
flips its spin. Only the two peaks separated by 1.8 GHz that
arise from the interaction between the orbital angular
momentum of the antiproton and electron spin could be
resolved, however, due to the 400-MHz Doppler broad-
ening caused by the motion of the "p3He# thermalized to
T ! 10 K. The spin-averaged transition frequency "exp

was determined by fitting this profile with the theoretical
line shape (solid line) obtained from the optical Bloch
equations which describe the evolution of the "pHe# state
populations during laser irradiation. The small remaining
chirp introduced a time dependence to "pl't( when per-
forming the Bloch equation integration. In this we took
transitions between all hyperfine and magnetic substates
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in three dye cells pumped by a pulsed Nd:YAG laser
(Coherent Infinity, C) of ! ! 532 nm, energy E !
200 mJ, and length 3 ns. To decrease the Fourier-limited
linewidth of the pulsed dye laser, the pump beam was split
into seven beams, to which incremental delays were added.
These were then merged to produce the stretched (20-ns-
long) pulse that irradiated each cell. The cells emitted laser
pulses with !" 60 MHz and E ! 5–20 mJ. The wave-
lengths ! ! 264:7–470:7 nm were obtained by
(i) frequency doubling the outputs at 574.8 nm and
728.8–941.4 nm in, respectively, beta-barium borate
(BBO) and lithium triborate (LBO) crystals, or
(ii) frequency tripling the 794.1-nm light using both
crystals.

The comb (Menlo Systems FC-8004) [2,3] constituted a
mode-locked Ti:sapphire laser (Femtolasers Femtosource
Scientific) pumped by a cw Nd:YVO4 laser (A in Fig. 1),
which produced 15-fs-long laser pulses of repetition rate
frep ! 200 MHz and average power P ! 0:7 W. The
spectral width ! ! 750–850 nm of these pulses was first
broadened to 500–1100 nm by propagating it through a
microstructure fiber. This beam was then used to stabilize
(i) the frequency offset foff ! 20 MHz common to all the
modes of the comb [2,3] and (ii) the cw seed laser to
frequency "cw ! ncfrep # foff # fdif which was fdif !
20 MHz above the ncth mode of the comb. The value nc !
1 592 190–2 607 811 was measured using a Fizeau wave-
length meter. All frequencies frep, foff , and fdif were
synchronized to a quartz oscillator, which was stabilized
to a timing signal provided by global positioning satellites.
The seed (and consequently the pulsed dye) laser was
scanned over a region $4 GHz around the "pHe# lines
by changing the above repetition rate from frep !
200:000 to 200.004 MHz. Doppler-free spectroscopy of
Rb and I2 in the seed beam indicated that its frequency
precision was <4% 10&10. A thermally stabilized, sealed
housing permitted 24-h operation during these months-
long experiments, and motorized stages optimized the
coupling of the beam into the fiber during the 100-s inter-
vals between antiproton pulses.

The frequency "pl of the dye laser pulse can deviate from
the seed value "cw due to sudden changes in the refractive

index of the dye during the amplification [6,9]. This so-
called chirp effect of magnitude #"c't( ! "pl't( & "cw can
shift the measured "pHe# frequencies "exp from their true
values, so it had to be corrected. The time evolution of
#"c't( was measured by (i) diverting part of the seed laser
and shifting its frequency by 400 MHz using an acousto-
optic modulator (AOM), (ii) superimposing this beam of
frequency "cw # 400 MHz and the dye laser pulse on a
photodiode, and recording their heterodyne beat signal
[Fig. 2(b)] with a digital oscilloscope of bandwidth f !
1:5 GHz and sampling rate 8 GHz, and (iii) using Fourier
analysis [6,8] to isolate any frequency deviation of this
signal from 400 MHz caused by a chirp of value #"c't(. In
Fig. 2(c), the chirp in a 597.3-nm laser pulse which
changed from #"c't( ! 50 to &70 MHz over its 20-ns
duration is shown by the solid line. We minimized
#"c't( (dashed line) using an electro-optic modulator
(EOM) to apply a frequency shift of opposite sign to the
seed laser, which canceled the chirp induced in the dye
cells [6,9,10]. Theoretical calculations [11] show that any
further shift in "exp caused by chirps induced in the BBO or
LBO crystals is <1–2 MHz.

The profile of the 'n; ‘( ! '36; 34( ! '37; 33( resonance
in "p3He# (i.e., the area under the DATS peak plotted
against the "pl value) is shown in Fig. 3(a). It contains
(i) eight intense lines (indicated by arrows) corresponding
to E1 transitions involving no spin-flip between the eight
hyperfine substates [12] of states '36; 34( and '37; 33(, and
(ii) 12 weak lines wherein one of the constituent particles
flips its spin. Only the two peaks separated by 1.8 GHz that
arise from the interaction between the orbital angular
momentum of the antiproton and electron spin could be
resolved, however, due to the 400-MHz Doppler broad-
ening caused by the motion of the "p3He# thermalized to
T ! 10 K. The spin-averaged transition frequency "exp

was determined by fitting this profile with the theoretical
line shape (solid line) obtained from the optical Bloch
equations which describe the evolution of the "pHe# state
populations during laser irradiation. The small remaining
chirp introduced a time dependence to "pl't( when per-
forming the Bloch equation integration. In this we took
transitions between all hyperfine and magnetic substates
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(dashed line) and without (solid line) chirp compensation.
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in three dye cells pumped by a pulsed Nd:YAG laser
(Coherent Infinity, C) of ! ! 532 nm, energy E !
200 mJ, and length 3 ns. To decrease the Fourier-limited
linewidth of the pulsed dye laser, the pump beam was split
into seven beams, to which incremental delays were added.
These were then merged to produce the stretched (20-ns-
long) pulse that irradiated each cell. The cells emitted laser
pulses with !" 60 MHz and E ! 5–20 mJ. The wave-
lengths ! ! 264:7–470:7 nm were obtained by
(i) frequency doubling the outputs at 574.8 nm and
728.8–941.4 nm in, respectively, beta-barium borate
(BBO) and lithium triborate (LBO) crystals, or
(ii) frequency tripling the 794.1-nm light using both
crystals.

The comb (Menlo Systems FC-8004) [2,3] constituted a
mode-locked Ti:sapphire laser (Femtolasers Femtosource
Scientific) pumped by a cw Nd:YVO4 laser (A in Fig. 1),
which produced 15-fs-long laser pulses of repetition rate
frep ! 200 MHz and average power P ! 0:7 W. The
spectral width ! ! 750–850 nm of these pulses was first
broadened to 500–1100 nm by propagating it through a
microstructure fiber. This beam was then used to stabilize
(i) the frequency offset foff ! 20 MHz common to all the
modes of the comb [2,3] and (ii) the cw seed laser to
frequency "cw ! ncfrep # foff # fdif which was fdif !
20 MHz above the ncth mode of the comb. The value nc !
1 592 190–2 607 811 was measured using a Fizeau wave-
length meter. All frequencies frep, foff , and fdif were
synchronized to a quartz oscillator, which was stabilized
to a timing signal provided by global positioning satellites.
The seed (and consequently the pulsed dye) laser was
scanned over a region $4 GHz around the "pHe# lines
by changing the above repetition rate from frep !
200:000 to 200.004 MHz. Doppler-free spectroscopy of
Rb and I2 in the seed beam indicated that its frequency
precision was <4% 10&10. A thermally stabilized, sealed
housing permitted 24-h operation during these months-
long experiments, and motorized stages optimized the
coupling of the beam into the fiber during the 100-s inter-
vals between antiproton pulses.

The frequency "pl of the dye laser pulse can deviate from
the seed value "cw due to sudden changes in the refractive

index of the dye during the amplification [6,9]. This so-
called chirp effect of magnitude #"c't( ! "pl't( & "cw can
shift the measured "pHe# frequencies "exp from their true
values, so it had to be corrected. The time evolution of
#"c't( was measured by (i) diverting part of the seed laser
and shifting its frequency by 400 MHz using an acousto-
optic modulator (AOM), (ii) superimposing this beam of
frequency "cw # 400 MHz and the dye laser pulse on a
photodiode, and recording their heterodyne beat signal
[Fig. 2(b)] with a digital oscilloscope of bandwidth f !
1:5 GHz and sampling rate 8 GHz, and (iii) using Fourier
analysis [6,8] to isolate any frequency deviation of this
signal from 400 MHz caused by a chirp of value #"c't(. In
Fig. 2(c), the chirp in a 597.3-nm laser pulse which
changed from #"c't( ! 50 to &70 MHz over its 20-ns
duration is shown by the solid line. We minimized
#"c't( (dashed line) using an electro-optic modulator
(EOM) to apply a frequency shift of opposite sign to the
seed laser, which canceled the chirp induced in the dye
cells [6,9,10]. Theoretical calculations [11] show that any
further shift in "exp caused by chirps induced in the BBO or
LBO crystals is <1–2 MHz.

The profile of the 'n; ‘( ! '36; 34( ! '37; 33( resonance
in "p3He# (i.e., the area under the DATS peak plotted
against the "pl value) is shown in Fig. 3(a). It contains
(i) eight intense lines (indicated by arrows) corresponding
to E1 transitions involving no spin-flip between the eight
hyperfine substates [12] of states '36; 34( and '37; 33(, and
(ii) 12 weak lines wherein one of the constituent particles
flips its spin. Only the two peaks separated by 1.8 GHz that
arise from the interaction between the orbital angular
momentum of the antiproton and electron spin could be
resolved, however, due to the 400-MHz Doppler broad-
ening caused by the motion of the "p3He# thermalized to
T ! 10 K. The spin-averaged transition frequency "exp

was determined by fitting this profile with the theoretical
line shape (solid line) obtained from the optical Bloch
equations which describe the evolution of the "pHe# state
populations during laser irradiation. The small remaining
chirp introduced a time dependence to "pl't( when per-
forming the Bloch equation integration. In this we took
transitions between all hyperfine and magnetic substates
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Figure 35. Experimental νexp (circles with 1σ errors) versus theoretical νth (triangles [126] and
squares [82, 89]) transition frequencies [51].

chirp (2–4 MHz), collisional shifts (0.1–2 MHz) and any possible shift due to the harmonic
generation (1–2 MHz).

The νexp-values agree with the two previous experiments [94, 95] within the order of
magnitude lower precision of the latter. They are compared with the two sets of theoretical
values νth [82,126] in figure 29; the latest values of [82] claims a precision σth = 1–2 MHz. The
older values of [126] is claimed by the authors to have σth-values of between 5 and 100 MHz,
because of technical difficulties in evaluating their variational trial functions near the origin
(where the distance r between the constituent particles approaches zero). Indeed, unpublished
results from the authors have recently moved by 3–100 MHz from those of [126]. Only the
values of [82] claim precisions consummate with our experimental errors, and were therefore
used in the CPT-related analysis described in the next section.

When compared with experiment, the values from [126] scatter within 7–8 standard
deviations of νexp. Those of [82, 89] agree within <1 × 10−8 with the four highest-precision
measurements in p̄4He+, and (36, 34) → (37, 33) in p̄3He+. Four calculated p̄3He+-
frequencies were lower than the νexp-values by ∼2 standard deviations (figure 35).

4. The mass and charge of the antiproton

From the comparison of the measured transition frequencies νexp and the theoretically
calculated ones [82] νth using the 2002 CODATA recommended values for the fundamental
constants [50], the mass (and charge) of the antiproton can be deduced. This is done by varying
mp̄ in the theoretical model, initially set to the mp value, and performing the χ2-minimization.

We here examine two possibilities to utilize the p̄He+ data (1) to determine p̄-to-electron
mass ratio (and then compare the value with mp/me) and (2) to test CPT. There are subtle but
important differences between the two.

When deducing the p̄-to-electron mass ratio, we assume that the CPT invariance is not
violated yet at the present experimental precision. We therefore set Qp + Qp̄ = 0, and
vary mp̄/me in the theory model, and seek for the best fit. The obtained mp̄/me, if enough
precision is attained, can be used together with the current mp/me values in the future CODATA
adjustments of the fundamental constants.

On the other hand, in the CPT test, we test if there is any difference between mp and mp̄

and between Qp and |Qp̄|. We therefore let mp̄ to vary relative to mp (which implies that mp̄ is
also changed relative to mHe) and let |Qp̄| to vary relative to Qp. The minimization procedure
makes it possible to set a CPT bound in the δmp̄ − δQp̄ two-dimensional plane.

Let us first discuss the case 1, determination of mp̄/me.

M. Hori et al., Phys. Rev. Lett. 96, 243401(2006)

Frequency measured to (9–16)x10-9

● Experiment
■ Korobov
▲ Kino
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Figure 7. Comparison of measured and calculated transition frequencies for the (39, 35) →
(38, 34) transition of p̄4He+.

magnetic moment is much larger than the spin one, and the angular momentum coupling
scheme proceeds as follows:

F = Lp̄ + Sē,

J = F + Sp̄ = Lp̄ + Sē + Sp̄. (26)

Figure 8 (left) shows the resulting hyperfine splitting of p̄4He+. The dominant splitting
arising from the interaction of the antiproton angular momentum and the electron spin leads
to a splitting into a doublet F + and F− and is called a hyperfine (HF) splitting. The antiproton
spin leads to a further, smaller splitting into a quadruplet J ++, J +−, J−+ and J−− called
superhyperfine (SHF) splitting.

In the case of p̄3He+, each level splits into an octet as shown in figure 8 (right), due to an
additional coupling to the 3He (helion) nuclear spin Sh [96]:

F = Lp̄ + Sē

G = F + Sh = Lp̄ + Sē + Sh

J = G + Sp̄ = Lp̄ + Sē + Sh + Sp̄. (27)

Although the helion magnetic moment is smaller than the antiproton one, its overlap with the
electron cloud is larger and therefore the coupling scheme shown above is more stable.

The hyperfine structure has been first calculated by Bakalov and Korobov (BK) [97] who
showed that the HF splitting is in the order of νHF = 10–15 GHz, while the SHF slitting is
about two orders of magnitude smaller: νSHF = 0.1–0.3 GHz. Note that in laser transitions,
it is the difference between the two hyperfine splittings which comes into play. In the case
of (n, ") → (n + 1, " − 1) transitions (unfavored transitions), the splitting is of the order
of 1.5 Gz and can be partially resolved in the laser resonance profiles, while in the case of
(n, ") → (n − 1, " − 1) transitions (favored transitions) it is less than 0.5 GHz and hence
cannot be easily resolved. In order to determine the hyperfine splittings, it is necessary to
induce microwave transitions as indicated by wavy lines in figure 8, as discussed in detail in
section 5.

LEAR ← →AD
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Ar!X" = Ar!Xn+" + nAr!e" −
Eb!X" − Eb!Xn+"

muc2 . !4"

Here Eb!X" /muc2 is the relative-atomic-mass equivalent
of the total binding energy of the Z electrons of the
atom, where Z is the atomic number !proton number",
and Eb!Xn+" /muc2 is the relative-atomic-mass equivalent
of the binding energy of the Z−n electrons of the Xn+

ion. For a fully stripped atom, that is, for n=Z, XZ+ is N,
where N represents the nucleus of the atom, and
Eb!XZ+" /muc2=0, which yields the first few equations of
Table XL in Sec. XII.B.

The binding energies Eb used in this work are the
same as those used in the 2002 adjustment; see Table IV
of CODATA-02. For tritium, which is not included
there, we use the value 1.097 185 439!107 m−1 !Ko-
tochigova, 2006". The uncertainties of the binding ener-
gies are negligible for our application.

C. Cyclotron resonance measurement of the electron relative
atomic mass Ar(e)

A value of Ar!e" is available from a Penning-trap
measurement carried out by the University of Washing-
ton group !Farnham et al., 1995"; it is used as an input
datum in the 2006 adjustment, as it was in the 2002 ad-
justment:

Ar!e" = 0.000 548 579 9111!12" #2.1 ! 10−9$ . !5"

IV. ATOMIC TRANSITION FREQUENCIES

Atomic transition frequencies in hydrogen, deute-
rium, and antiprotonic helium yield information on the
Rydberg constant, the proton and deuteron charge radii,
and the relative atomic mass of the electron. The hyper-
fine splitting in hydrogen and fine-structure splitting in
helium do not yield a competitive value of any constant
at the current level of accuracy of the relevant experi-
ment and/or theory. All of these topics are discussed in
this section.

A. Hydrogen and deuterium transition frequencies, the
Rydberg constant R!, and the proton and deuteron charge
radii Rp, Rd

The Rydberg constant is related to other constants by
the definition

R" = #2mec
2h

. !6"

It can be accurately determined by comparing measured
resonant frequencies of transitions in hydrogen !H" and
deuterium !D" to the theoretical expressions for the en-
ergy level differences in which it is a multiplicative fac-
tor.

1. Theory relevant to the Rydberg constant

The theory of the energy levels of hydrogen and deu-
terium atoms relevant to the determination of the Ryd-
berg constant R", based on measurements of transition
frequencies, is summarized in this section. Complete in-
formation necessary to determine the theoretical values
of the relevant energy levels is provided, with an empha-
sis on results that have become available since the pre-
vious adjustment described in CODATA-02. For brevity,
references to earlier work, which can be found in Eides
et al. !2001b" for example, are not included here.

An important consideration is that the theoretical val-
ues of the energy levels of different states are highly
correlated. For example, for S states, the uncalculated
terms are primarily of the form of an unknown common
constant divided by n3. This fact is taken into account by
calculating covariances between energy levels in addi-
tion to the uncertainties of the individual levels as dis-
cussed in detail in Sec. IV.A.1.l. In order to take these
correlations into account, we distinguish between com-
ponents of uncertainty that are proportional to 1/n3, de-
noted by u0, and components of uncertainty that are es-
sentially random functions of n, denoted by un.

The energy levels of hydrogenlike atoms are deter-
mined mainly by the Dirac eigenvalue, QED effects
such as self energy and vacuum polarization, and nuclear
size and motion effects, all of which are summarized in
the following sections.

a. Dirac eigenvalue

The binding energy of an electron in a static Coulomb
field !the external electric field of a point nucleus of
charge Ze with infinite mass" is determined predomi-
nantly by the Dirac eigenvalue

ED = f!n,j"mec2, !7"

where

f!n,j" = %1 +
!Z#"2

!n − $"2&−1/2

, !8"

n and j are the principal quantum number and total an-
gular momentum of the state, respectively, and

TABLE VI. The variances, covariances, and correlation coef-
ficients of the University of Washington values of the relative
atomic masses of deuterium, helium 4, and oxygen 16. The
numbers in bold above the main diagonal are 1020 times the
numerical values of the covariances, the numbers in bold on
the main diagonal are 1020 times the numerical values of the
variances, and the numbers in italics below the main diagonal
are the correlation coefficients.

Ar!2H" Ar!4He" Ar!16O"

Ar!2H" 0.6400 0.0631 0.1276
Ar!4He" 0.1271 0.3844 0.2023
Ar!16O" 0.0886 0.1813 3.2400

639Mohr, Taylor, and Newell: CODATA recommended values of the fundamental …
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p̅He hyperfine 
(more by S. Friedreich)
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Physical laws are believed to be invariant under the combined transformations of charge, parity and time
reversal (CPT symmetry1). This implies that an antimatter particle has exactly the same mass and absolute
value of charge as its particle counterpart. Metastable antiprotonic helium (  He+) is a three-body atom2

consisting of a normal helium nucleus, an electron in its ground state and an antiproton (  ) occupying a
Rydberg state with high principal and angular momentum quantum numbers, respectively n and l, such that
n������l��+��1������38. These atoms are amenable to precision laser spectroscopy, the results of which can in principle
be used to determine the antiproton-to-electron mass ratio and to constrain the equality between the
antiproton and proton charges and masses. Here we report two-photon spectroscopy of antiprotonic helium,
in which  3He+ and  4He+ isotopes are irradiated by two counter-propagating laser beams. This excites
nonlinear, two-photon transitions of the antiproton of the type (n, l)�� ��(n��−��2, l��−��2) at deep-ultraviolet
wavelengths (λ = 139.8, 193.0 and 197.0��nm), which partly cancel the Doppler broadening of the laser
resonance caused by the thermal motion of the atoms. The resulting narrow spectral lines allowed us to
measure three transition frequencies with fractional precisions of 2.3–5 parts in 109. By comparing the
results with three-body quantum electrodynamics calculations, we derived an antiproton-to-electron mass
ratio of 1,836.1526736(23), where the parenthetical error represents one standard deviation. This agrees with
the proton-to-electron value known to a similar precision.

Main
Antiprotonic atoms (denoted  X+) can be readily synthesized in a given element X by replacing the atomic electrons
with a negatively charged antiproton2. The substitution takes place spontaneously when antiprotons are brought to
rest in the substance concerned. However, these exotic atoms are usually destroyed within picoseconds by
electromagnetic cascade mechanisms that result in the annihilation of the antiprotons with the nucleus of X. The 
He+ atom alone has microsecond-scale lifetimes even in dense helium targets. The extreme longevity is due to the
fact that the antiprotons trapped in the n���l�+�1���38 Rydberg states have almost no overlap with the nucleus, and
furthermore cannot easily de-excite by Auger emission of the electron owing to its large binding energy (I���25�eV) and
the large multiplicity (�l) of the necessary transition. The electron protects the antiproton during collisions with other
helium atoms, making  He+ amenable to laser spectroscopy.
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