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The time evolution of the state populations in thev;n−,−1=2 and 3 metastable cascades of antiprotonic
helium (p̄4He+) atoms were studied using laser spectroscopy. The antiprotonic statessn,,d=s39,35d, (40,36),
and(41,37) in thev=3 cascade were estimated to initially contain, respectively,s0.28±0.04d%, s0.06±0.02d%,
and s0.02±0.01d% of the antiprotons stopped in the helium target, while the corresponding values for states
s37,34d, s38,35d, and s39,36d in the v=2 cascade weres0.21±0.04d%, s0.49±0.07d%, ands0.19±0.07d%.
The shortening of the state lifetimes due to collisions betweenp̄He+ and helium atoms was studied. As the
atomic density of the target was increased fromr=231020 to 231021 cm−3, the lifetime of states37,34d
decreased by an order of magnitude, whereas the higher statess38,35d ands39,35d were relatively unaffected.
Between densitiesr=631020 and 231022 cm−3, a short-lived component with a time constantt,0.2 ms
appeared at early times in the delayed annihilation time spectrum ofp̄He+, while the total fraction of long-lived
antiprotons decreased from 3.0 to 2.5%. These effects were caused by the lifetime-shortening of specificp̄He+

states such ass37,34d.
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I. INTRODUCTION

When antiprotons are stopped in a helium target, a 3%
fraction survive with an average lifetimetavg=3–4 ms [1–6]
by forming metastable antiprotonic heliumsp̄He+; p̄−

+He2++e−d atoms[7,8]. In this paper, we study the initial
distributions of these atoms over principalsnd and orbital
angular momentums,d quantum numbers in thev;n−,
−1=2 and 3metastable cascades using a laser spectroscopic

method. The effect of collisions betweenp̄He+ and ordinary
helium atoms on the atomic cascade is also studied. The
measurements were made using pulsed and continuous types
of antiproton beam[9,10] supplied by the Low Energy An-
tiproton RingsLEARd of CERN. Although the experiments
reported here ended in 1996 with the closure of LEAR, there
is renewed interest in these unpublished data, in light of re-
cent results[11,12] produced at CERN’s Antiproton Decel-
eratorsADd.

Experimental[12–19] and theoretical studies have shown
that five phases can be discerned in the life history of meta-
stablep̄He+. (i) Capture: when an antiproton collides with a
helium atom at electron-volt energies, it may replace one of
the electrons orbiting the helium nucleus, and become cap-
tured into a p̄He+ state. This occurs[12,20–28] with the
highest probability into states withn-values of about

n , n0 ; ÎM* /me = 38.3 s1d

(where M* is the reduced mass of the antiproton-helium
nucleus system, andme the electron mass), which corre-
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sponds to an antiproton orbital with the same radius and
binding energy as the displaced 1s electron. Auger emission
of the second electron is suppressed for states with large,
values(Fig. 1) [7,8,29]. (ii ) Thermalization: the p̄He+ atom
initially recoils with roughly the same momentum as the in-
coming antiproton, but cools down within picoseconds by
colliding with the surrounding helium atoms.(iii ) Metastable
cascade: The antiproton cascades down through several
metastable levels by making successive radiative transitions
with lifetimes t=1−2 ms, these being primarily of the type
Dn=D,=−1 that keeps the vibrational quantum numberv
;n−,−1 [30–32] constant. The states can therefore be
grouped into the cascade sequencesv=0,1,2,3. . ..(iv) Au-
ger decay: The antiproton finally reaches a short-lived state,
from which Auger decay to an ionic state occurs within a few
nanoseconds[8,22,33]. (v) Stark mixing and annihilation:
the antiprotonic,-levels in the daughterp̄He2+ ion are de-
generate, so that collisional Stark effects mix the antiprotonic
states with theS, P, andD states at highn, causing imme-
diate annihilation[34,35]. The consequence of the above se-
quence of events is that the measured lifetime of antiprotons
exhibits a slowly decaying component in the delayed annihi-
lation time spectrum, extending for several microseconds
from the instant they were stopped in the helium target.

Laser spectroscopic studies of the primary populations
Psn,,dst=0d [i.e., the number of antiprotons populating a state
sn,,d at atomic formation, normalized to the total number of
antiprotons stopped in the target] and lifetimes ofp̄He+ were

started at LEAR[13–17], which delivered antiprotons as ei-
ther a single high-intensity pulse containing 33107

–13109 antiprotons and lastingDt,200–300 ns, or as a
continuous, low-intensity beam at rates,104 p̄/s. Meta-
stablep̄He+ atoms were produced by stopping either variety
of beam in a helium target. They were irradiated with a reso-
nant laser pulse, which induced antiproton transitions be-
tween adjacent pairs of metastable and short-livedp̄He+

states(Fig. 1). This forced the immediate annihilation of an-
tiprotons populating the metastable state, thereby producing
a sharp spike in the delayed annihilation time spectrum. In
the example spectrum shown in Figs. 2(a) and 2(b) measured
using, respectively, the pulsed and continuous types of anti-
proton beam, the laser transitionsn,,d=s39,35d→ s38,34d
at wavelengthl=597.3 nm was induced att=1.6 ms. The
intensity of the annihilation spike was proportional to the
populationPs39,35dstd in the parent state att. By adjusting the
timing of the laser pulse betweent=0.3 and 10ms, the time
evolution of Ps39,35dstd was measured, from which the pri-
mary populationPs39,35dst=0d was estimated by extrapolating
the data tot=0.

Both types of antiproton beam had advantages and disad-
vantages; in experiments using the pulsed antiproton beam
[36], large numbers ofp̄He+ were produced simultaneously
in a way which allowed the state populations at very early
times st=0.3 msd to be studied[11,12]. The spectra, how-
ever, contained a large background caused by delayed

FIG. 1. Portion of the level structure ofp̄4He+, with observed transition wavelengths shown in nanometers. The solid lines indicate
radiation-dominated metastable states, the wavy lines Auger-dominated short-lived states. The theoretical values for Auger[22,33] and
radiative transition[32] rates from some statessn,,d are shown. The broken lines indicatep̄He2+ ionic states formed after Auger emission,
the curved arrows indicate Auger transitions with minimumuD,u. On the left-hand scale the theoretical absolute energy of each state is
plotted relative to the three-body breakup threshold.
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positrons(i.e., those produced byp+→m+→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 thep̄He+ states, normalized to the total num-
ber of stopped antiprotons. In experiments using the continu-
ous antiproton beam,p̄He+ 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,1.6–1.8ms [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 isotopesp̄4He andp̄3He [12].
The regionn=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 significantp+→m+→e+ background in the
measuredp̄He+ 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 betweenp̄He+ and helium atoms
was studied. States39,35d had a lifetime ts39,35d
=1.5±0.1ms, which was relatively unchanged between
atomic densities of the helium targetr=231020 and
1.931022 cm−3. In contrast, the lifetime of states37,34d

decreased fromts37,34d=1.2 ms at r=131020 cm−3 to
0.13ms at 5.831021 cm−3. In the present work, we mea-
sured the effect of collisions on the population evolution of
states in thev=2 and 3 cascades, at densities betweenr=2
31020 and 1.231022 cm−3. Systematic measurements of the
delayed annihilation time spectrum undisturbed by laser irra-
diation were also made at densitiesr=631020−2
31022 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 p̄He+ 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 thev=2 and 3
metastable cascades ofp̄He+ 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 transitionsn,,d
=s39,35d→ s38,34d at wavelength l=597.3 nm induced att
=1.6 ms (a). The hatched area represents the estimated contribution
of p+→m+→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).
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II. EXPERIMENTAL METHOD

A. Experiments using a pulsed antiproton beam

In Fig. 3 (upper half), the experimental layout wherein
200–300-ns-long pulses containing between 33107 and 1
3109 antiprotons with kinetic energyE=21 MeV were in-
jected into a cryogenic helium target is shown[36]. The in-
tensity, time structure, andXY profile of these pulses were
measured by a parallel plate ionization chamber[37] placed
in the beam upstream of the target. The target[17] was a
150-mm-long, 70-mm-diam stainless-steel cylinder, into
which the antiprotons entered through a 0.5-mm-thick
copper-beryllium window. A 20-mm-diam quartz window
was affixed to the opposite end of the chamber to admit the
laser beam. Measurements were made using helium gas at
pressuresP=0.1–3.5 bar and temperaturesT=5.8–6.6 K.
Hereafter we express each target condition in atomic density
r (in cm−3), pressureP (in bar), and temperatureT (in de-
grees Kelvin).

Some 97% of the antiprotons annihilated promptly after
stopping in the helium, whereas 3% of them formed between
13106 and 33107 metastablep̄He+ atoms with an average
lifetime tavg=3–4 ms against annihilation. The charged
pions emerging from these annihilations produced Cheren-
kov light in 2-cm-thick acrylic detectors placed around the
target [36]. Neutral pions also emerged, and decayed into
g-ray pairs with a lifetimet=0.08 fs[38]. An estimated 30%
of theg rays converted into electron and positron pairs while
traveling through the target walls, and these also produced
Cherenkov light in the acrylic plates. The rate of annihila-
tions was so high that individual particles could not be re-
solved. Instead, the Cherenkov detector produced a single
continuous light pulse consisting of an extremely bright,
200–300-ns-long flash from the promptly annihilating anti-
protons, followed by a much longersDt,20 msd but less
intense tail from delayed annihilations of the metastable
p̄He+. This light envelope was detected by a gateable fine-
mesh photomultiplier[36], and the analog wave form of the
anode signal was recorded by a digital oscilloscope[Fig.
2(a)]. The photomultiplier was deactivated during the initial
flash, in order to suppress the strong burst of photoelectrons
which would otherwise saturate the detector or produce spu-
rious afterpulse signals[36]. Due to this gating, however,
information about the prompt annihilation could not be ob-
tained. Afterwards the detector was reactivated so that the
delayed annihilation was observed starting fromt,0.2 ms.
The spectrum contained a strong background with a time
constantt,2 ms, produced in the following way:(i) the
low-energy p+-mesons emerging from the annihilations
stopped in the target walls or in the detector,(ii ) these de-
cayed into positive muons with a lifetimet=26 ns[38], and
further decayed into positrons with a lifetimet=2.2 ms and
average energyE=40 MeV, (iii ) some of these positrons
struck the detector and produced delayed Cherenkov pho-
tons. This background could not be distinguished from the
signal produced by the metastable atoms, which contained
multiple decay components with lifetimest=0.2–5ms. The
p−-mesons did not produce a long-lived background, since
they formedp− atoms and were absorbed immediately by the
atomic nuclei[39].

The metastable atoms were irradiated by laser pulses fired
into the target, collinear with the antiproton beam but in the
opposite direction. Two sets of dye lasers pumped by XeCl
excimer lasers were used to produce 15-mm-diam,
40-ns-long laser pulses with bandwidthsG,6 GHz and en-
ergy densitiesQ,1 mJ/cm2. By independently adjusting
the timings of the two lasers relative to the arrival time of the
antiprotons,p̄He+ transitions were induced at various times
betweent=0.3 and 10ms. The transition wavelengths shifted
by 1–10 GHz[11,19] as the target density was increased,
and so the laser wavelength was corrected for this shift.

B. Experiments using a continuous antiproton beam

The layout of the experiment using a continuous antipro-
ton beam is shown in Fig. 3(lower half) [13,17,40]. Antipro-
tons were injected into the target at a ratef ,104 s−1. Since
the metastablep̄He+ annihilated with an average lifetime
tavg=3–4 ms, only one atom existed in the target at a time.
The arrival of each antiproton was detected by a
0.5-mm-thick plastic scintillation beam counter positioned
upstream of the target. Its annihilation was identified with
99.7±0.1% efficiency by seven shower counters surrounding
the target. The annihilation time was thus measured relative
to the time of passage of the antiproton through the beam
counter. The background due top+→m+→e+ decay was re-
jected by requiring the simultaneous detection of at least two
pions produced in an annihilation event[40]. In this way, a
background-free spectrum containing 106–108 events which
showed both the prompt and delayed annihilations was ob-
tained[4,6]. The laser pulses reached the target att=1.6 ms
[Fig. 2(b)] or later, this being the minimum delay achievable
by the method of identifying the randomly occurring meta-
stable events, and then triggering the excimer lasers.

III. ESTIMATION OF THE PRIMARY POPULATIONS

A. General method

The primary populationsPsn,,dstd were estimated using the
following formulas,

Psn,,dstd =
If trap

«fstops1 − fbackd
, s2ad

f trap=
fdelayed

s1 − fnucd
, s2bd

the variables being(i) f trap: the probability of a stopped an-
tiproton forming a metastable atom and surviving more than
20 ns,(ii ) fdelayed: the number of delayed events(those ap-
pearing later thant=20 ns in the delayed annihilation time
spectrum) normalized to the total number of annihilations,
(iii ) fnuc: the probability of an antiproton undergoing an in-
flight nuclear reaction and annihilating,(iv) I: the measured
intensity of the laser-induced annihilation spike, normalized
to the total number of delayed annihilations,(v) «: the effi-
ciency of the laser pulse depleting the metastable population
in the resonance parent state,(vi) fstop: the probability of an
antiproton stopping in the volume of the helium target irra-
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diated by the laser,(vii ) fback: the contribution of background
events in the delayed annihilation time spectrum caused by
p+→m+→e+ decay. In the proceeding subsections, we will
discuss these factors and estimate their values.

B. Estimations of stopping distributions and in-flight
nuclear reactions

A Monte Carlo simulation of antiprotons slowing down
and stopping in the helium target was made, using the ex-
perimental values for the energy loss[41,42] and including
the multiple scattering effect according to the Moliere distri-
bution, and the energy straggling effect according to the
Vavilov distribution. The antiproton beam passing through
the copper-beryllium window was estimated to have a large
emittancesJ.500p mm mradd, kinetic energy distribution
sE=1–2 MeVd, and diametersd=8–10 mmd, so that they
stopped in a relatively large volume in the helium depending
on the target density. The average energy of the antiprotons
emitted from the window was adjusted by varying the thick-
nesstd of polyimide(Ube Industries Upilex-S) degrader foils
inserted in the beam upstream of the target; the fractionfstop
of antiprotons stopping in the volume of helium gas irradi-
ated by the 15-mm-diam collinear laser beam, to the total
number of stopped antiprotons, was thus maximized. In Fig.
4(a), the simulated dependence offstop on td is shown at a
target densityr=931020 cm−3 (P=0.6 bar,T=5.5 K); the
maximum valuefstop,90% was obtained attd=0.13 g/cm2,
the corresponding stopping distribution of which is shown in
Fig. 4(c). At a lower densityr=1.331020 cm−1 (P=0.1 bar,
T=5.5 K), however,fstop reached a maximum value of only
50–60%[Figs. 4(b) and 4(d)]. At even lower densities, most
of the antiprotons stopped in the walls at the opposite end of
the target, so that laser spectroscopic signals ofp̄He+ could
no longer be observed.

During the experiment, the degrader thicknesstd was ad-
justed so as to maximize the intensity of the laser-induced
annihilation spike appearing in the delayed annihilation time
spectrum(Fig. 2). This experimentally-optimized thickness

td was within ±0.01 g/cm2 of the value predicted by the
above simulation. Slightly smaller values oftd were used
during measurements ofp̄He+ time spectra undisturbed by
the laser irradiation(see proceeding subsection), thereby en-
suring that very few antiprotons annihilated in the entrance
window of the target.

The fraction fnuc of antiprotons that underwent in-flight
nuclear reactions(i.e., high-energy antiprotons colliding with
the atomic nuclei and annihilating) in the beam detector, de-
grader foil, copper-beryllium window, or helium gas was
also estimated in the above Monte Carlo simulation. We
tracked the trajectories of 106 simulated antiprotons fired into
a helium target of densityr=931020 cm−3 (P=0.6 bar,T
=5.5 K), until they stopped or annihilated in-flight. The
simulation used the following cross-sectionssan of antipro-
ton annihilation on various target nuclei;(i) hydrogen: the
experimental cross section of thep̄+p reaction measured at
antiproton momenta betweenp=40 and 200 MeV/c[43]
were utilized, whereas theoretical values[44,45] were used

FIG. 4. Estimated ratios of antiprotons stopping in the volume of the helium target irradiated by the laser beam, as a function of
polyimide degrader thickness(a),(b). A two-dimensional projection of the target chamber, showing the spatial distribution of the stopped
antiprotons at two target densities, and the degrader thicknesses indicated by the arrows(c),(d).

FIG. 5. The simulated range curve of annihilation events along
the longitudinal direction of the antiproton beam. Some 3% of the
antiprotons annihilate in nuclear reactions in-flight, the contribution
of which is shown by the hatched area. The unshaded area repre-
sents antiprotons that form atoms.
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at p,40 MeV/c where no experimental data exists,(ii ) he-
lium: experimental san values at momenta p
=50–70 MeV/c [46], and theoretical values[45] at lower
and higher momenta were used,(iii ) heavier nuclei: the cross
sections of antiproton annihilation on nuclei of atomic num-
berA.10 at momentap=0–200 MeV/c were estimated by
an unified optical model[47,48]. Thesan values of the reac-
tion p̄+Ne obtained from this model agreed with experimen-
tal data measured atp=60–190 MeV/c[49,50]. We thus
assumed in the simulation that as the antiprotons decelerated
from p=200 to 20 MeV/c, the cross sections for the annihi-
lation reactionsp̄+He, p̄+C, and p̄+Cu, respectively, in-
creased fromsan=0.4 to 3 b, 0.7 to 6 b, and 2 to,40 b. In
Fig. 5, the range curve of annihilations along the longitudinal
direction of the antiproton beam due to in-flight reactions
(represented by the hatched area), and those due top̄He+

atomic formation(unshaded area) are compared. Of the 106

simulated antiprotons, an estimatedfnuc,3% underwent in-
flight reactions, most of these occurring in the degrader foil
and copper-beryllium window which appear as a sharp spike

nearz=0 mm. The simulation may be unreliable at very low
antiproton energies, particularly in the sub-keV region where
the cross section of atomic formation becomes larger than
san.

C. Total yield f trap of metastablep̄He+ atoms

We next measured the fraction of metastable atomsf trap
produced per stopped antiproton. In Figs. 6(a)–6(c), delayed
annihilation time spectra measured at three target densities
using the continuous antiproton beam are shown. At a den-
sity r=631020 cm−3 (P=0.5 bar,T=6.4 K), the spectrum
showed a 10–20-ns-wide prompt annihilation peak contain-
ing 97% of the antiprotons, and a long-lived component de-
caying with an average lifetimetavg=4 ms. In superfluid he-
lium at a temperatureT=1.8 K (corresponding to a density
r=231022 cm−3) [51], a larger fraction of antiprotons anni-
hilated at early times, causing a short-lived component with
a lifetime tshort=0.2 ms to appear.

In Fig. 7(a) and Table I, the fractionf trap of antiprotons
surviving more thantmeta=20 ns after stopping are presented

FIG. 6. Delayed annihilation time spectra, measured at a target
pressureP=0.5 bar and temperatureT=6.4 K (a), P=2.7 bar and
T=5.8 K (b), and a superfluid target atT=1.8 K (c).

FIG. 7. The fractions of antiprotons surviving more than 20 ns
(a), 1 ms (b), and 5ms (c) at various densities of the helium target.

TABLE I. Fractions of antiprotons surviving more than 20 ns, 1ms, and 5ms in helium targets at various
densities.

Density Pressure Temperature Antiprotons survived aftertmeta s%d

s1020 cm−3d Phase (bar) (K) tmeta.20 ns tmeta.1 ms tmeta.5 ms

0.59±0.06 Gas 0.50±0.01 6.4±0.2 3.0±0.1 2.2±0.1 0.9±0.1

5.9±0.9 Gas 2.70±0.05 5.8±0.2 2.8±0.1 1.7±0.1 0.6±0.1

19±2 Liquid 4.2±0.1 2.6±0.1 1.3±0.1 0.4±0.1

22±2 Superfluid 1.8±0.1 2.5±0.1 1.3±0.1 0.3±0.1
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as a function of target density. These values have been cor-
rected for the fnuc,3% background caused by in-flight
nuclear reactions. The arbitrary choice oftmeta=20 ns to de-
fine metastability is a matter of convenience only; indeed,
values of tmeta=15 ns [6] and 20 ns[4] have been used in
past publications. The present analysis was made in a way
such that the estimated values for the primary populations
Psn,,dst=0d did not depend on thetmeta value chosen above.
As the density was increased fromr=631020 to 2
31022 cm−3, the fractionf trap decreased froms3.0±0.1d% to
s2.5±0.1d%. In the same density range, the atoms that sur-
vived more than 1ms and 5ms [Figs. 7(b) and 7(c)] respec-
tively decreased fromf t.1 ms=s2.2±0.1d% to s1.3±0.1d%,
and from f t.5 ms=s0.9±0.1d% to s0.3±0.1d%. This shows
that collisions betweenp̄He+ and helium atoms affect the
delayed annihilation time spectrum in both nanosecond- and
microsecond-scale time ranges.

D. Estimation of the depletion efficiency«

The efficiency« of the laser pulse depleting the popula-
tion Psn,,dstd in the parent state of the transitionsn,,d
→ sn8 ,,8d [i.e. «=1 if the laser induces all the antiprotons
occupyingsn,,d to annihilate, and«=0 when no such anni-
hilations occur] was estimated from theoretical calculations.
Generally, large values of« are attained if two conditions are
met:(i) the energy of the laser pulse is high enough to induce
many Rabi oscillations within its durationDtlaser=40 ns,(ii )
the lifetimetsn8,,8d of the daughter state is short compared to
Dtlaser. In Fig. 8(a), a typical time profile of the laser pulse
measured using ap-i-n photodiode is shown. It has a two-
peak structure with a sharp peak in the first 10 ns. In Fig.
8(b), an experimentally observed annihilation spike corre-

sponding to the transitions39,35d→ s38,34d at wavelength
l=597.3 nm is shown. The dotted line represents the theo-
retical profile obtained by integrating the optical Bloch
equation,

d

dt1
P1m

P2m

Pxm

Pym

2 =1
− 1/t1m 0 0 Vmstd/2

0 − 1/t2m 0 − Vmstd/2
0 0 − s1/t1m + 1/t2md/2 − Gm Dv

− Vmstd Vmstd − Dv − s1/t1m + 1/t2md/2 − Gm

21
P1m

P2m

Pxm

Pym

2 , s3d

where the populations in the resonant parent and daughter
states with a magnetic quantum numberm are denoted by
P1m and P2m, and the real and imaginary parts of the off-
diagonal terms in the density matrix byPxm and Pym. The
state lifetimes are denoted byt1m andt2m, and the detuning
of the laser from the transition frequency byDv. The rate of
dephasing collisionsGm was estimated to be less than
0.5 GHz at the typical target densities studied here, based on
separate measurements of thep̄He+ resonance profile. The
frequencyVmstd /2p (in gigahertz) of Rabi oscillations be-
tween two statessn,, ,md and sn±1,,−1,md induced by a
linearly-polarized laser pulse with a time profileQstd [in
kilowatts per cm2, see Fig. 8(a)] can be calculated as

Vmstd
2p

= 0.44mÎQstd
s, − m− 1ds, + m− 1d

,s2, − 1d
. s4d

The dipole momentm (in Debye) of the transition was de-
rived using its spontaneous radiative rate 1/t (in hertz) and
wavelengthl (in meters) as

m = 1.8Îl3

t
3 106, s5d

the relevant values being 0.62 D, 5.53105 Hz, and 5.973
310−7 m. After numerically integrating Eq.(3) and averag-
ing over m, the resulting profile was convoluted with a

FIG. 8. Typical temporal profile of the laser pulse with an en-
ergy densityQ=1 mJ/cm2 (a). Experimental(solid line) and theo-
retical (dotted line) profiles of the 597.3-nm resonance spike(b).
The simulated population evolution of the resonance parent state
sn,,d=s39,35d during the laser pulse(solid line), and the measured
depopulation efficiency(closed circle) (c).
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Gaussian having a full-width-at-half-maximum of 6 GHz, to
simulate the effects caused by the finite laser bandwidth.

In Fig. 8(c), the simulated time evolution of the popula-
tion in states39,35d during irradiation with the laser pulse
[Fig. 8(a)] is shown. The depletion efficiency was estimated
to be «=90%. This agreed with the value(indicated by the
closed circle with error bar) measured in a separate experi-
ment wherein thep̄He+ was irradiated with two successive
laser pulses(see Sec. IV). In Fig. 9, experimental values of«
(plotted using closed circles) measured at various energy
densities of the laser betweenQ=0.05 and 2 mJ/cm2 are
shown. These were in good agreement with the theoretical
values(solid line) estimated above using Eq.(3). The popu-
lation measurements described below were all carried out at
an energy densityQ.1 mJ/cm2 where the spike intensity
was maximized and« saturated at a value of,90%.

E. Intensities of the laser-induced annihilation spikes

We now return to Fig. 2(a), which shows the delayed
annihilation time spectrum measured by injecting a
200–300 ns-long beam pulse containing 13108 antiprotons
into a helium target at a densityr=831020 cm−3 (P
=0.6 bar,T=5.8 K). The laser transitions39,35d→ s38,34d
at a wavelengthl=597.3 nm is induced att=1.6 ms in the
spectrum. As described in Sec. I, we cannot determine the
population of states39,35d from this spectrum alone, be-
cause a fractionfback of it is background due top+→m+

→e+ decay.
In Fig. 2(b), the spectrum measured using the continuous

antiproton beam at the same target conditions is shown, with
the 597.3-nm transition induced at the same timing. This
spectrum is background-free(i.e., fback=0), so that a precise
count of p̄He+ atoms can be obtained. The spike intensityI
was derived by counting the number of annihilations under
the spike, and normalizing to the total number of delayed
annihilations. Using(i) the measured value off trap, (ii ) the
values« and fstop estimated from the above simulations, and
(iii ) Eq. (2), the population in states39,35d at t=1.6 ms was
estimated to bePs39,35dst=1.6 msd=s0.12±0.02d%.

F. Estimation of the p+\m+\e+ background

To estimate the contributionfback of the p+→m+→e+

background appearing in the spectrum of Fig. 2(a), a Monte

Carlo simulation[36] was made using theGEANT version 4
program [52]. Computer models of the cryogenic target,
Cherenkov detector, and surrounding material were gener-
ated. Each simulated annihilation produced secondary par-
ticles with experimentally known branching ratios and mul-
tiplicites. On average 1.5p+-mesons, 1.8p−-mesons, and
,2 p0-mesons were produced perp̄+4He reaction, although
in ,5% of the cases, more than seven mesons emerged[36].
To simulate the momentum distributions of these particles
(with rest massesMi), a simplified model was used where the
kinetic energy E−SiMi produced in the annihilation(E
=1.9 GeV being the total energy of ap̄+p or p̄+n reaction)
was distributed among them assuming a relativistic phase-
space distribution. The momentum distribution ofp−’s simu-
lated in this way[36] was found to agree with the experi-
mental data for antiprotons annihilating on4He nuclei[53] in
the momentum regionp=0.15–0.9 GeV/c, both distribu-
tions showing maxima aroundp=0.25 MeV/c.

The trajectories of all the particles were followed untilt
=15 ms. The important decay and reaction processes were
simulated, such asp±→m±→e± and p0→2g decays, mul-
tiple scattering, ionization, bremsstrahlung,e+e− annihilation
and pair creation. The creation and propagation of the Cher-
enkov photons inside the detector was simulated, taking into
account the optical attenuation, reflection, and scattering in-
side the radiator material. The quantum efficiency and time
response of the photomultiplier was measured, and their ef-
fects were included into the simulation. The actual number of
photoelectrons produced by the Cherenkov counter per inci-
dent particle was measured in a calibration experiment car-
ried out at the 1.3 GeV electron synchrotron at KEK-Tanashi
[36], and the data used to correct the simulation. Somef trap
=50–60% of the analog spectrum[Fig. 2(a), hatched area]
was attributed top+→m+→e+ decay.

A separate estimation on thep+→m+→e+ yield was
made by comparing the intensity of the laser-induced anni-
hilation spike in Fig. 2(a) with that appearing in the
background-free spectrum of Fig. 2(b) measured using the
continuous antiproton beam. Due to the presence of thep+

→m+→e+ background, the relative intensity of the former
spike was found to be smaller than the later spike by an
amount which was compatible with the value 50–60% for
f trap estimated by the above simulation.

IV. EXPERIMENTAL RESULTS

A. Population evolution of metastable states
in the v=3 cascade

The population in the last metastable statesn,,d
=s39,35d in thev=3 cascade was measured by inducing the
transitions39,35d→ s38,34d at wavelengthl=597.3 nm, at
various times betweent=0.3 and 10ms as shown in Figs.
10(a)–10(c). At a target density r=631020 cm−3 (P
=0.5 bar,T=6.4 K), the population decayed as a single ex-
ponential with a lifetimetavg=1.9±0.1ms [Fig. 10(d)]. This
represented the cumulative effect of the lifetimets39,35d of
states39,35d, and the feeding from the higher states40,36d
in the cascade. Extrapolation to time zero yielded a primary

FIG. 9. Experimental(closed circles) and theoretical(solid line)
depletion efficiencies of the laser pulse tuned to the transition
s39,35d→ s38,34d at wavelengthl=597.3 nm at various energy
densities of the laser.

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

012504-8



population ofPs39,35dst=0d,0.2%. The population and life-
time were relatively unaffected at densities betweenr=2
31020 and 131022 cm−3.

To derive the populations in statess40,36d, s41,37d, and
above in thev=3 cascade(Fig. 1), each atom was irradiated
with two successive laser pulses tuned to the 597.3-nm tran-
sition, at independently varying timest1 andt2 [14]. In Figs.
11(a)–11(c), the spectra measured with the first laser fixed at
t1=1.6 ms while the second laser was scanned over three
different timingst2=1.8, 2.6, and 5.6ms are shown. Now the
number of annihilation counts in the first laser spike is equal
to «Ps39,35dst1d, so that the population remaining in state
s39,35d after laser irradiation is equal tos1−«dPs39,35dst1d.
The state is then refilled by spontaneous feeding from
s40,36d, the contribution of which can be determined by
measuring the number of annihilations induced by the sec-
ond laser att2.

In Figs. 11(d)–11(g), the recovery of the population mea-
sured by the second laser pulse is shown(represented by
closed circles), for cases where the first laser(closed squares)
was fired att1=1.6, 2.6, 3.6, and 4.6ms. All these data points
[including the population evolution measured using a single

laser pulse shown in Fig. 11(h)] were simultaneously fit with
a cascade model describing a three-level sequence ofDn
=D,=−1 transitions with population changes

dPs41,37d = −
Ps41,37d

ts41,37d
dt, s6ad

dPs40,36d = S−
Ps40,36d

ts40,36d
+

Ps41,37d

ts41,37d
Ddt, s6bd

dPs39,35d = S−
Ps39,35d

ts39,35d
+

Ps40,36d

ts40,36d
Ddt. s6cd

Of course, there are also contributions from Auger decay and
radiative processes that changev;n− l −1, but calculations
for a single isolated atom suggest that these contributions are
all less than 10%[22,30–32]. According to this model, the
intensityI1st1d of the first spike[which is proportional to the
populationPs39,35dst1d], and the intensityI2st1,t2d of the sec-
ond spike[which contains information about the feeding into
state s39,35d from s40,36d betweent1 and t2] follow the
analytical functions,

I1st1d = «HPs41,37d
st=0d ts41,37dts39,35dse−t1/ts41,37d − e−t1/ts40,36dd

sts41,37d − ts40,36ddsts41,37d − ts39,35dd
+ SPs40,36d

st=0d −
Ps41,37d

st=0d ts40,36d

ts41,37d − ts40,36d
D ts39,35dse−t1/ts40,36d − e−t1/ts39,35dd

ts40,36d − ts39,35d

+ Ps39,35d
st=0d e−t1/ts39,35dJ , s7ad

FIG. 10. Delayed annihilation time spectra measured using the pulsed antiproton beam, the resonance transitionsn,,d=s39,35d
→ s38,34d at wavelengthl=597.3 nm induced att=0.3 ms (a), 2.3 ms (b), and 4.3ms (c). The population evolution of states39,35d was
measured using the pulsed(closed circles) and continuous(triangles) antiproton beams(d). All data were measured at a target pressureP
=0.5 bar and temperatureT=5.8 K.
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I2st1,t2d = «HPs41,37d
st=0d ts41,37dts39,35de

−t2/ts41,37ds1 − «e−s1/ts39,35d−1/ts41,37ddst2−t1dd

sts41,37d − ts40,36ddsts41,37d − ts39,35dd
+ Ps39,35d

st=0d s1 − «de−t2/ts39,35d

+
Ps41,37d

st=0d ts39,35dts40,36de
−t2/ts40,36ds1 − «e−s1/ts39,35d−1/ts40,36ddst2−t1dd

sts40,36d − ts41,37ddsts40,36d − ts39,35dd
+

Ps41,37d
st=0d ts39,35d

2 e−t2/ts39,35ds1 − «d

sts39,35d − ts41,37ddsts39,35d − ts40,36dd

+
Ps40,36d

st=0d ts39,35de
−t2/ts40,36dh1 − «e−s1/ts39,35d−1/ts40,36ddst2−t1d − s1 − «de−s1/ts39,35d−1/ts40,36ddt2j

ts40,36d − ts39,35d
J . s7bd

The lifetime of states39,35d was fixed to the experimental
value ts39,35d=1.5 ms [17]. The result of the best fit are
shown with solid lines in Figs. 11(d)–11(h), and the deduced
values of the state populations and lifetimes are presented in
Table II. The estimated lifetimets40,36d=s1.4±0.2d ms of
s40,36d agrees with the theoretical radiative value[32]
within the experimental errors. The primary populations of

statess39,35d, s40,36d, and s41,37d were estimated to be
Ps39,35dst=0d=s0.29±0.06d%, Ps40,36dst=0d=s0.06±0.02d%,
and Ps41,37dst=0d=s0.03±0.02d%, respectively. States with
nù41 apparently had very little metastable population. The
measurement was repeated at a higher target densityr=1.2
31021 cm−3 (P=1.0 bar,T=6.4 K), which yielded a similar
result on the populations and lifetimes as shown in Table II.

FIG. 11. Delayed annihilation time spectra measured by irradiating two successive laser pulses tuned to the transitionsn,,d=s39,35d
→ s38,34d at wavelengthl=597.3 nm, the first laser fired att1=1.6 ms, the second laser att2=1.8 ms (a), 3.6 ms (b), and 5.6ms (c). Time
variations of the resonance intensities for cases where the first laser(closed squares) is fired att1=1.6 ms, and the second(closed circles)
varied betweent2=2.4 and 9ms (d); corresponding measurements made at at1 value of 2.6ms (e), 3.6 ms (f), and 4.6ms (g). Time variation
of the resonance intensity was measured using a single laser pulse(h). Solid lines represent the best fit of a three-level cascade model.
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B. Population evolution of metastable states
in the v=2 cascade

The population of states37,34d in the v=2 cascade was
measured by inducing the transitions37,34d→ s36,33d with
a single laser pulse tuned to a wavelengthl=470.7 nm(Fig.
12). The time evolution contained several decay components,

indicating that sizable populations exist in the higher states
of the cascade: at a target densityr=1.931020 cm−3 (P
=0.15 bar,T=5.8 K), for example, the population decreased
with an average lifetimetavg=3.0±0.1ms and had a
downward-curving shape at early times. This indicates a
large feeding of antiprotons from the higher states38,35d. As
the density was increased tor=1.631021 cm−3 (P=1.1 bar,
T=5.8 K), however, the average lifetime decreased totavg
=1.8 ms and a decay component with a lifetimetshort
=0.4 ms appeared at early times in the spectrum. This indi-
cates that the lifetime ofs37,34d was shortened due to col-
lisional effects, in agreement with previous observations
[17]. At a densityr=1.231022 cm−3 (P=3.5 bar,T=5.8 K),
the corresponding lifetimes shortened further totavg,0.5 ms
andtshort,0.2 ms.

Next, the population in states38,35d was measured by
using a double-resonance technique[16]. In Fig. 13(a), the
annihilation spike of the 470.7-nm transition is shown, mea-
sured at densityr=1.931021 cm−3 (P=1.3 bar,T=5.8 K),
whereas in Fig. 13(b), the double-resonance transition
s38,35d→ s37,34d→ s36,33d induced by two simultaneous
laser pulses tuned to the two transitions at wavelengthsl1
=470.7 nm andl2=529.6 nm is presented. The intensity of
the spike in Fig. 13(b) constitutes a measure of the combined
populations in two statess38,35d and s37,34d, so that the
population in the former state can be obtained by subtracting
the contribution of the latter(Fig. 12). In Figs. 13(c)–(f), the
population evolution of the two states measured at various
target densities are shown. States38,35d had a primary
populationPs38,35dst=0d=s0.49±0.08d% which decayed with
an average lifetimetavg=2.0±0.1ms, and these values were
relatively unchanged at densities betweenr=331020 and 2
31021 cm−3.

The lifetime of states38,35d was determined by using the
depletion-recovery method[17]. In Fig. 14(a), the spectrum
obtained by taking the difference between two delayed anni-
hilation time spectra measured with and without the 470.7
-nm annihilation spike is shown, measured at a densityr
=1.931021 cm−1 (P=1.3 bar, T=5.8 K). This depletion-
recovery spectrum decays with the lifetimets36,33d,4 ns of
the daughter state, the slight step-down discontinuity imme-
diately after the spike caused by the loss of spontaneous

TABLE II. Estimated lifetimes and populations of metastable states in thev=3 cascade at two target
densities, derived from the best fit of a three-level cascade model. Theoretical radiative[22,32] and Auger
[22,33] rates are shown.

Parameter
P=0.5 bar,
T=6.4 K

P=1.0 bar,
T=6.4 K

Theoretical
radiative

rate

Theoretical
Auger
rate

ls41,37d s0.5±0.3dms−1 s0.5±0.3d ms−1 0.48ms−1 [22] ,0.01ms−1 [22]

ls40,36d s0.52±0.18dms−1 s0.50±0.15dms−1 0.55ms−1 [32] 0.03ms−1 [22]

ls39,35d 0.65ms−1a 0.65ms−1a 0.62ms−1 [32] 0.07ms−1 [33]

Ps41,37d s0.03±0.02d% s0.02±0.01d%
Ps40,36d s0.06±0.02d% s0.06±0.02d%
Ps39,35d s0.29±0.06d% s0.27±0.05d%
aFixed to experimental value[17].

FIG. 12. The population evolution of statesn, ld=s37,34d mea-
sured at five target densities, using the resonance transition
s37,34d→ s36,33d at wavelengthl=470.7 nm.
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annihilation events following the forced annihilation at the
laser spike[17]. The spectrum then recovers with the lifetime
ts37,34d,0.2 ms of the parent state. Since these characteris-
tics are valid regardless of the various channels that feed
antiprotons into the two levels, this method constitutes a sen-
sitive and unambiguous way of determining the state life-
times. Here we expand this method to the case of the double-
resonance transition s38,35d→ s37,34d→ s36,33d, the
depletion-recovery spectrum of which is shown in Fig. 14(b).
Although the spectrum initially decayed with a lifetime simi-
lar to the single-resonance case[Fig. 14(a)], it recovered

more slowly due to the long lifetime of states38,35d. The
spectrum can be understood by the relevant three-level decay
model depicted in Fig. 15, where the radiative lifetimes of
the states are denoted bytsn,,d

rad , and the feeding from adjacent

states byVsn,,d. The population evolution follows,

dPs38,35d = S−
Ps38,35d

ts38,35d
+ Vs38,35dDdt, s8ad

FIG. 13. The delayed annihilation time spectrum measured with a single laser pulse inducing the transitionsn, ld=s37,34d→ s36,33d at
wavelengthl=470.7 nm(a). The double-resonance transitions38,35d→ s37,34d→ s36,33d induced using two simultaneous laser pulses
tuned tol1=470.7 nm andl2=529.6 nm(b). Both spectra were measured at a target pressureP=1.3 bar and temperatureT=5.8 K. The
population evolution of(38,35) (closed circles) and (37,34) (triangles) measured at four target densities(c)—(f).

FIG. 14. The depletion-recovery spectrum of the transitionsn, ld=s38,35d→ s37,34d (a), and that of the double-resonance transition
s38,35d→ s37,34d→ s36,33d (b). Both spectra were measured at a target pressureP=1.3 bar and temperatureT=5.8 K. The lifetimes of
(38,35) (closed circles) and (37,34) (triangles) at various densities(c).
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dPs37,34d = S−
Ps37,34d

ts37,34d
+

Ps38,35d

ts38,35d
+ Vs37,34dDdt, s8bd

dPs36,33d = S−
Ps36,33d

ts36,33d
+

Ps37,34d

ts37,34d
+ Vs36,33dDdt. s8cd

After the irradiation by the 470.7-nm and 529.6-nm laser
pulses mix the populations in the three levels, the time evo-
lution resumes the form implied by Eq.(8) with modified
populations. Since the feeding from the surrounding states
sVsn,,dd are unaffected by the laser, the difference between the
time spectra measured with and without the spike can be
expressed in the form

Ps36,33d8 std − Ps36,33dstd = A1e
−t/ts36,33d − A2e

−t/ts37,34d

− A3e
−t/ts38,35d, s9d

whereA1, A2, andA3 are positive constants. The depletion-
recovery spectrum implied by Eq.(9) therefore decays with
the lifetimets36,33d of the short-lived state and recovers with
the combined lifetimests37,34d and ts38,35d of the two meta-
stable ones. By fitting Eq.(9) on the depletion-recovery
spectrum obtained from Fig. 14(b), and fixing the lifetimes
of statess36,33d and s37,34d to their experimental values
[17], the lifetime of s38,35d was determined asts38,35d
=s1.5±0.1d ms. In Fig. 14(c), the state lifetimes thus mea-
sured at four target densities are shown. The lifetimets38,35d
was relatively unchanged, having values 0.9–1.3ms at den-
sities betweenr=331020 and 231021 cm−3, whereasts37,34d
shortened froms1.1±0.2d to s0.15±0.06d ms.

Lastly, the populations in states39,35d and above in the
v=2 cascade were estimated by irradiation with two succes-
sive laser pulsest1 and t2 tuned to the 470.7-nm transition.
Measurements were made at three densities,r=2
31020 cm−3 (P=0.2 bar,T=6.4 K), 731020 cm−3 (0.6 bar,

6.4 K), and 1.231021 cm−3 (1.0 bar, 6.6 K), as shown in
Fig. 16. In Table III and Fig. 16(solid lines), the results of
the best fit of a three-level cascade model on the data at each
density are presented. The lifetime of states37,34d was fixed
to the experimentally measured value[17]. The primary
populations in the three states at densityr=231020 cm−3

were estimated to bePs37,34d=s0.21±0.08d%, Ps38,35d
=s0.40±0.10d%, and Ps39,36d=s0.24±0.06d%. The popula-
tions were relatively unaffected as the density was increased
from r=231020 to 1.231021 cm−3, although the lifetime of
states37,34d decreased by an order of magnitude.

V. DISCUSSION

A. Primary populations

The primary populations in thev=2 and 3 cascades were
relatively unaffected as the target density was increased from
r=231020 to 1.231021 cm−3 (Tables II and III). The values
for statess37,34d, s38,35d, s39,36d, s39,35d, s40,36d, and
s41,37d averaged over all the data measured at various den-
sities were Ps37,34dst=0d=s0.21±0.04d%, Ps38,35dst=0d
=s0.49±0.07d%, Ps39,36dst=0d=s0.19±0.07d%, Ps39,35dst=0d
=s0.28±0.04d%, Ps40,36dst=0d=s0.06±0.02d%, andPs41,37dst
=0d=s0.02±0.01d%, respectively. The largest population
was observed in states38,35d, which agrees with the estima-
tion n,n0=38 of Eq.(1). Using these results for calibration,
a recent experiment[12] deduced the primary populations of
nearly all the metastable states in bothp̄4He+ and p̄3He+,
thereby accounting for all the 3% metastability observed
here (Fig. 7). Relatively little metastable populations were
detected in states withnù41, whereas theoretical calcula-
tions [21–28] predict significant populations in states up to
nù50. As these theoretical populations do not take the effect
of collisions betweenp̄He+ and helium atoms into account,
however, they may not be directly comparable with the ex-
perimental results presented here which refer to atoms ther-
malized by many collisions. It has been suggested[54] that
p̄He+ created in thenù41 states recoil with such large ki-
netic energies that they are rapidly destroyed by collisions.
Another study[55] suggests that the cross sections for colli-
sional quenching of thenù41 states are large, even after the
p̄He+ atom has thermalized to the temperaturesT,6 Kd of
the gas target. This is claimed to be due to the low activation
barrier in thep̄4He+−He potential.

B. Density-dependent shortening of the state lifetimes

It is surprising that these atoms retain their metastability
in dense gas, liquid, and superfluid helium targets, despite
making many collisions with the surrounding helium atoms.
Stark transitions induced by collisional effects, which de-
stroy other types of antiprotonic atoms[56,57], are believed
to be highly suppressed inp̄He+; this is because states of the
samen-value are far from degenerate, the level energies in-
creasing with, in steps ofEsn,,d−Esn,,−1d,0.3 eV (Fig. 1).
Recently, a quantitative study of these transitions has been
made[58].

FIG. 15. The three-level cascade model. The populations in
statessn, ld=s38,35d, (37,34) and (36,33) before laser irradiation
are denoted byPs38,35dstd, Ps37,34dstd, and Ps36,33dstd; the feeding
from the surrounding states byVsn,ldstd. The double-resonance tran-
sition induced by two simultaneous laser pulses at wavelengthsl1

=470.7 nm andl2=529.6 nm modify the state populations from
Psn,ldstd to Psn,ld8 std.
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The present experiment and previous studies[17] show
that even after thermalization, collisions with helium atoms
continue to destroy the population in states37,34d, while
they leave the higher statess38,35d and s39,35d relatively
unaffected. The decay rate ofs37,34d increased non-linearly
with density, from the purely radiative value 1/ts37,34d

=0.8 ms−1 observed atr=131020 cm−3, to ,8 ms−1 at 3
31021 cm−3, then leveled off at higher densities. State
s39,35d, however, retained the radiative rate 1/ts39,35d
=0.7 ms−1 even at liquid-helium densities, whiles38,35d
maintained a decay rate 1/ts38,35d,1 ms−1 at densities up to
r=231021 cm−1.

FIG. 16. Time-variation of the intensity of the resonance transitionsn, ld=s37,34d→ s36,33d measured using two laser pulses fired at
timing t1 (closed squares) and t2 (closed circles) tuned to wavelengthl=470.7 nm. Measurements were made at three target conditions:
P=0.2 bar,T=6.4 K [(a)-(e)], P=0.6 bar,T=6.4 K [(f)-(i)], and P=1.0 bar,T=6.6 K [(j)-(n)]. The results of the best fit of a three-level
cascade model are shown in solid lines.

TABLE III. Estimated lifetimes and populations of metastable states in thev=2 cascade at three target
densities, derived from the best fit of a three-level cascade model. Theoretical radiative[32] and Auger
[22,33] rates are shown.

Parameter
P=0.2 bar,
T=6.4 K

P=0.6 bar,
T=6.4 K

P=1.0 bar,
T=6.6 K

Theoretical
radiative

rate

Theoretical
Auger
rate

ls39,36d s0.6±0.1dms−1 s0.6±0.2d ms−1 s0.6±0.2d ms−1 0.62ms−1 [32] ,0.01ms−1 [22]

ls38,35d s0.6±0.1dms−1 s0.6±0.1dms−1 s0.7±0.2dms−1 0.69ms−1 [32] 0.011ms−1 [33]

ls37,34d 0.85ms−1a 1.3 ms−1a 1.9 ms−1a 0.76ms−1 [32] 0.19ms−1 [33]

Ps39,36d s0.21±0.08d% s0.25±0.09d% s0.14±0.07d%
Ps38,35d s0.04±0.10d% s0.55±0.08d% s0.40±0.20d%
Ps37,34d s0.24±0.06d% s0.20±0.04d% s0.26±0.10d%
aFixed to experimental value[17].
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At a target densityr=231020 cm−3, the primary popula-
tion Ps37,34dst=0d=s0.21±0.04d% of states37,34d decreased
with an average lifetimetavg,3 ms (Fig. 12), while at r
=1.231021 cm−3, the lifetime shortened totavg,0.5 ms. A
similar shortening behavior was observed at early times in
the delayed annihilation time spectrum(Fig. 6), which re-
flects the overall lifetime ofp̄He+ against annihilation. As the
target density was increased fromr=631020 to 2
31022 cm−3, a short-lived component with a,0.2–ms life-
time appeared, while the total fraction of atoms surviving
more thant=20 ns decreased fromf trap=3.0 to 2.5%. This
similarity implies that the above short-lived component and
the reduction of the metastable population at high target den-
sities are partially caused by the lifetime-shortening of state
s37,34d.

VI. SUMMARY AND CONCLUSIONS

We have developed a laser spectroscopic method to deter-
mine the absolute number of antiprotons populating indi-
vidual statessn,,d of the p̄He+ atom. By evaluating all
known sources of experimental error and background(such
as the probability of an antiproton stopping in the volume of
the helium target irradiated by the laser beam, spurious sig-
nals caused by the in-flight nuclear reaction of antiprotons,
the non-unity efficiency of a resonant laser pulse inducing an
atomic transition leading to antiproton annihilation, and the
background caused byp+→m+→e+ decay), the primary
populationsPsn,,dst=0d were determined with experimental
errors of 20–70%. To our knowledge, this constitutes the
most precise measurement of the valuesPsn,,dst=0d of an

exotic atom(i.e., an atom wherein an electron is replaced by
a negatively charged particle such as ap−, K−, or p̄). Meta-
stable states in then=37–40 and,=34–36 region each con-
tained Psn,,dst=0d=0.1–0.5% of the antiprotons stopped in
the helium target, whereas thenù41 region contained rela-
tively little metastable population. The population in state
sn,,d=s37,34d was destroyed by collisions with helium at-
oms at high target densities(the average lifetime of its popu-
lation decreasing fromtavg=3 to ,0.5 ms as the atomic den-
sity was increased fromr=231020 to 1.231022 cm−3),
while the lifetimes of two other statess39,35d and s38,35d
remained relatively unchanged. This behavior of the indi-
vidual states affected the overall lifetime ofp̄He+ against
annihilation: as the target density was increased fromr=6
31020 to 231022 cm−3, a short-lived component appeared at
early times in the delayed annihilation time spectrum, while
the yield of metastable atoms decreased from 3.0 to 2.5%.
The primary populations derived here will be used to nor-
malize the results of a new series of experiments[12,59,60]
carried out at the AD.
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