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Abstract

We describe some acrylic Cherenkov detectors read out by gateable fine-mesh photomultipliers, used in laser

spectroscopy experiments of metastable antiprotonic helium ð %pHeþÞ atoms carried out at the LEAR and AD facilities at

CERN. The atoms were produced by stopping pulsed antiproton beams in a helium target. Charged particles emerging

from the antiproton annihilations produced Cherenkov light in the detector, the time envelope of which consisted of a

strong flash from the promptly-annihilating antiprotons, followed by a much longer but less intense tail from the

delayed annihilations of the metastable atoms. The photomultiplier was turned off during the initial light flash by

reversing the electric potential on its dynodes, thus allowing only the delayed annihilations to be recorded as an analog

pulse. The atoms were irradiated with a laser pulse tuned to the characteristic wavelength which stimulated antiproton

transitions from a metastable state to a state with a short lifetime against annihilation. The resonance condition

between the laser beam and the atom was thus revealed as a sharp spike superimposed on the Cherenkov light pulse. We

tested Cherenkov radiators of various sizes and different types of photomultipliers in order to (i) suppress the spurious

afterpulsing in the photomultiplier signal caused by the strong flash of Cherenkov light during the prompt annihilation,

(ii) evaluate the background caused by pþ-mþ-eþ decay, and (iii) optimize the linearity, dynamic range, and response

time of the detector.

r 2003 Elsevier Science B.V. All rights reserved.

PACS: 36:10:� k; 42.62.Fi; 29.40.Ka; 85.60.Ha
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1. Introduction

When antiprotons are stopped in a helium
target, some 3% of them survive with an anom-

alously long lifetime of t ¼ 3� 4 ms [1,2]. This is
due to the formation of metastable antiprotonic
helium ð %pHeþÞ atoms, which are three-body
Coulomb systems composed of a helium nucleus,
an antiproton, and an electron. In this paper, we
describe analog Cherenkov detectors which were
developed to observe antiproton annihilations in
laser spectroscopy experiments on this atom. The
measurements were made using high-intensity
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pulsed beams of antiprotons produced at the Low
Energy Antiproton Ring (LEAR) and Antiproton
Decelerator (AD) facilities of CERN.

The energy level diagram of the %pHeþ atom is
shown in Fig. 1(a), with metastable states (those
having microsecond-scale lifetimes) indicated in
solid lines. These states have such large principal
ðnB38Þ and angular momentum ðcBnÞ quantum
numbers, that antiprotons captured into them
cannot easily deexcite by Auger emission of the
remaining electron. They instead deexcite by
radiating a series of optical-frequency photons
(the theoretical wavelengths [3] of which are shown
in Fig. 1(a) in nanometers), as the antiproton
traverses through a constant-v ¼ n � c� 1 cas-
cade of metastable states (indicated by arrows).
Finally the atom reaches a short-lived state (shown
in wavy lines), which leads to Auger emission of
the second electron within nanoseconds. The
antiproton proceeds to a %pHe2þ ionic state, and

annihilates within picoseconds. The Cherenkov
detectors described here were developed to observe
these annihilations.

In previous papers [4–6], we have described an
experiment to measure the delayed annihilation
time spectrum (the distribution of the number of
antiproton annihilations, as a function of the time
elapsed since atom formation, see Fig. 1(b)). A
continuous beam of some 104 %p=s was stopped in a
helium target, thus producing %pHeþ atoms in an
event-by-event manner. Each atom was irradiated
with a laser pulse tuned to the characteristic
wavelength which stimulated an antiproton
transition between pairs of metastable and Au-
ger-dominated states [4,5]. This forced the im-
mediate annihilation of otherwise long-lived
antiprotons, thereby revealing the resonance con-
dition between the laser beam and the atom as a
sharp spike superimposed on the delayed annihila-
tion time spectrum. In Fig. 1(c), an annihilation

Fig. 1. Energy level structure of %pHeþ atoms (a). Solid lines indicate metastable levels, wavy lines Auger-dominated short-lived ones.

Broken lines show %pHe2þ ionic states formed after Auger electron emission. On the left-hand side theoretical absolute energies of each

state are shown relative to the three-body breakup threshold [3]. The wavelengths of radiative transitions following the propensity rule

v ¼ n � c� 1 ¼ const (see text) is expressed in nanometers. Delayed annihilation time spectrum of %pHeþ (b). Laser-induced

annihilation spike of the transition ðn; cÞ ¼ ð39; 35Þ-ð38; 34Þ at a wavelength of l ¼ 597:26 nm (c).
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spike corresponding to the transition ðn; cÞ ¼
ð39; 35Þ-ð38; 34Þ at a wavelength of l ¼
597:26 nm is shown, induced by firing the laser at
a time t ¼ 1:8 ms after atomic formation. This
technique was successful and led to accurate
measurements on the atomic transition energies
[5,7], state lifetimes [8], and populations [9] of %pHeþ:

In 1994, a short experiment [10] was made at
LEAR to test the feasibility of making laser
spectroscopy of %pHeþ using pulsed [11,12], rather
than continuous, antiproton beams. A 250-ns-long
pulse containing some 1� 108 antiprotons was
stopped in the helium target, thus producingB3�
106 metastable %pHeþ atoms simultaneously.
Charged particles emerging from the annihilations
produced Cherenkov light in an acrylic plate
placed near the target. The envelope of the
resulting light pulse consisted of an extremely
bright, 250-ns-long flash from the promptly
annihilating antiprotons, followed by a much
longer but less intense tail from delayed annihila-
tions of the metastable atoms. This tail corre-
sponds to the spectrum shown in Fig. 1(b) and (c)
in the continuous beam case. By irradiating the
atoms with a single laser pulse, a spike corre-
sponding to the superposition of many simulta-
neous annihilations was induced on the tail. The
light pulse was detected by a line-focus photo-
multiplier in which the electron multiplication was
gated off during the initial 250-ns-long flash. One
advantage of this method was that large numbers
of %pHeþ atoms could be produced and studied at a
higher rate than was possible using continuous
antiproton beams. Another was that the laser
could be timed to fire immediately after the arrival
of the antiproton pulse, thus allowing the atomic
states to be studied at times immediately after their
formation; by contrast, in experiments using
continuous antiproton beams, the laser could be
fired only after a minimum delay t ¼ 1:8 ms
(Fig. 1(c)) due to the technical reasons described
in Section 7.

The test experiment, however, revealed serious
problems in the Cherenkov detector that made
qualitative studies of %pHeþ atoms difficult: (i) the
measured spectra were highly distorted and con-
tained spurious afterpulses caused by the strong
flash of Cherenkov light irradiating the photo-

cathode during the prompt annihilation, (ii) the
spectra contained a large background due to the
positive pions stopping in the material surround-
ing the target and undergoing pþ-mþ-eþ decay,
(iii) the reproducibility of the experiment was
poor, primarily due to the non-linear response of
the photomultiplier.

This work reports on the development of a series
of Cherenkov detectors which overcame these
problems and allowed the measurement of very
weak, previously undetected %pHeþ transitions in
experiments carried out at LEAR [13,14]. The
detectors were also used in recent experiments
made at AD [15,16], in which the atomic transition
frequencies of %pHeþ were measured to a fractional
precision of 1:3� 10�7 [17]. By analyzing the
observed profiles of the laser-induced annihilation
spikes, the quenching of %pHeþ states due to
collisions with deuterium molecules [18], and their
Auger lifetimes [19] were also studied. The primary
populations of the atom were derived [20] by firing
the laser at various times t; and measuring the
intensities of the resulting annihilation spikes at
each of them.

This paper is organized as follows: in Section 2,
the construction of the Cherenkov detector used in
the LEAR experiments are described. Two test
experiments (Section 3) were carried out at the 1.3-
GeV electron synchrotron of the High Energy
Accelerator Research Organization (KEK) Tana-
shi Campus, to calibrate the detector’s yield of
photoelectrons per incident particle, and the
linearity versus high-intensity pulsed beams.
Monte Carlo simulations (Section 4) were made
to estimate the intensity of the Cherenkov light
produced by the delayed annihilations, and the
background due to pþ-mþ-eþ decay. The gate-
able fine-mesh photomultiplier used to detect
the Cherenkov light is described in Section 5.
The afterpulsing of various photomultipliers were
studied by injecting strong flashes of light into
them. In Section 6, delayed annihilation time
spectra measured using the detector are shown.
The results are compared with those of previous
experiments using continuous antiproton beams in
Section 7. In Section 8, we describe Cherenkov
detectors used in recent experiments carried out at
AD, together with some typical results.

M. Hori et al. / Nuclear Instruments and Methods in Physics Research A 496 (2003) 102–122104



2. Cherenkov detector design

The layout of the laser spectroscopy experiment
of %pHeþ carried out at LEAR is shown in
Fig. 2(a). Pulsed beams containing between 5�
107 and 1� 109 antiprotons with a pulse-length of
Dt ¼ 250 ns were stopped in a cryogenic helium
target, thus producing between 2� 106 and 3�
107 metastable %pHeþ atoms. The spatial XY
profile, intensity, and time structure of each
antiproton pulse was measured using a parallel
plate ionization chamber (PPIC) [21], which was
placed in the beam just upstream of the target. The
target chamber [8] was a stainless steel cylinder
70 mm in diameter and 150 mm in length, into
which the antiprotons entered through a 0.5-mm
thick copper-beryllium window. The laser beam
entered the target through a fused silica window
affixed to the opposite end of the chamber. The
target was filled with helium gas of 99.999%
purity, at pressures between P ¼ 0:1 and 10 bars;
and temperatures between T ¼ 5 and 30 K:

The Cherenkov detector (Fig. 2(b)) consisted of
two acrylic (Bicron BC-800 methyl methacrylate
monomer) plates measuring 900 mm� 300 mm�
20 mm covering a total solid angle of 1:2p
steradians seen from the target. They had a
refractive index of n ¼ 1:49; so that charged
particles having velocities greater than bB0:7
(corresponding to a p-meson of momentum
pX130 MeV=c) produced Cherenkov light in
them. The optical transmission of a 20-mm-thick
plate was TB90% at all visible and ultraviolet
wavelengths longer than l ¼ 350 mm; but the
transmission decreased to TB70% at l ¼
300 mm: The surfaces of the plates were diamond-
polished and wrapped by a 4-mm-thick inner layer
of aluminum foil and a 100-mm-thick outer layer of
blackened plastic [22]. Light guides made of the
same material coupled the Cherenkov light into
the 34-mm-diam photocathode of the photomul-
tiplier. The analog waveform of the anode signal
was recorded using a digital oscilloscope (Hewlett-
Packard HP54542A) with an analog bandwidth of

Fig. 2. Layout of the laser spectroscopy experiment of %pHeþ using pulsed antiproton beams (a). Monte Carlo simulation of an

antiproton annihilation (b). A pair of pþ and p� particles, two g-rays, and Cherenkov photons propagating inside the acrylic radiator

are seen.
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f ¼ 500 MHz; a digital sampling rate of f ¼
2 GHz; and a digitizing resolution of 8 bits.

3. Detector tests at the 1.3-GeV electron

synchrotron

The layout of the calibration experiment made
to determine the number of photoelectrons emitted
by the photocathode, per charged particle imping-
ing on the Cherenkov detector is shown in Fig. 3
(bottom right). The measurements were carried
out using the g� 3 beamline at the 1.3-GeV
electron synchrotron (Fig. 3, left) at KEK-Tana-
shi. A beam of Bremsstrahlung g-rays was
extracted from the synchrotron by moving an
internal radiator target into the orbiting electrons.
The beam impinged on a second target positioned
a few meters downstream in the beamline, thus
producing a secondary beam of electrons and

positrons. A bending magnet and lead collimator
were then used to define a 10-mm-diam electron
beam of kinetic energy T ¼ 0:6 GeV and intensity
1000 e�=s: The Cherenkov detector was mounted
on a motorized XYZ stage and placed in this
beam. Two 5-mm-thick scintillation counters
(which provided the ‘‘start’’ and ‘‘stop’’ signals),
and two 10-mm-thick counters with 10-mm-diam
holes in their centers (providing the ‘‘veto’’ signals)
were placed upstream and downstream of the
Cherenkov detector. To define a well-collimated
beam and reject background, only those electrons
that traversed the ‘‘start’’ and ‘‘stop’’ counters
without hitting the ‘‘veto’’ counters were accepted
by the data acquisition system. Furthermore, the
time interval between the ‘‘start’’ and ‘‘stop’’
signals (measured by a LeCroy 2228A time-to-
digital converter) were required to correspond to
the time-of-flight of a 0.6-GeV electron. The
Cherenkov light was detected by a 2-in. line-focus

Fig. 3. Layout of two test experiments carried out at the 1.3-GeV electron synchrotron of KEK-Tanashi. One of these was made at the

G� 2 beamline (top right) using a pulsed electron beam to measure the linearity of the Cherenkov detector. The other experiment was

carried out at the G� 3 beamline using a continuous electron beam to calibrate the light-yield of the detector.
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photomultiplier (Hamamatsu Photonics R329-
PSX) which was specially selected by the manu-
facturer for high photon resolution. Measurements
with a single-photon light source made prior to the
experiment showed that the photomultiplier could
distinguish the signals corresponding to one or two
photoelectrons emitted simultaneously from the
photocathode. The anode output was amplified by
a low-noise voltage amplifier (Phillips Scientific
6954-B-20) with a gain of g ¼ 20 and a bandwidth
of f ¼ 1:5 GHz: The intensity of each photomul-
tiplier pulse was measured using a charge-sensitive
analog-to-digital converter (LeCroy 2249A).

The three pulse-height distributions shown in
Fig. 4 were obtained by positioning the detector at
different angles y relative to the electron beam as

indicated in the right corner of each histogram.
The filled circle in each figure represents the
position of the helium target. By using the fact
that the pulse-heights follow a Poisson statistical
distribution, the mean numbers of photoelectrons
/geS produced per 0.6-GeV electron was esti-
mated. This varied from /geS ¼ 0:9 when the
beam was perpendicular ðy ¼ 901Þ to the detector
surface, to /geS ¼ 2:9 at an incident angle of y ¼
451: By moving the Cherenkov detector using the
XYZ stage, the position-dependence of /geS was
systematically measured over its entire surface.

A separate experiment was made at the g-2
beamline (Fig. 3, upper right) to study the
response of the Cherenkov detector to high-
intensity electron beams. Using a kicker magnet,
we extracted 2–4-ms-long pulses of electrons with
peak intensities between I ¼ 3 pA and 40 nA; and
energy T ¼ 1 GeV from the synchrotron. The
beam was directed at the detector, and the
resulting Cherenkov light was measured by a
fine-mesh photomultiplier (Hamamatsu Photonics
R5504GX-ASSY). All oscilloscope traces of
photomultiplier signals in this paper are plotted
with their polarities inverted. As shown in the
anode waveforms of Fig. 5(a) and (b), the 1-GeV
electrons could be resolved as individual pulses
and counted at beam intensities below I ¼ 100 pA:
As the beam intensity was increased above I ¼
100 pA (Fig. 5(c) and (d)), however, individual
events could no longer be resolved and the anode
signal took on a continuous shape corresponding
to the envelope of the pulsed electron beam. A
parallel plate ionization chamber was used to
measure the absolute beam intensities above I ¼
1 nA: In Fig. 3(e), the number of photoelectrons
produced per 1-GeV electron pulse is plotted; a
linear response spanning five orders of magnitude,
between 2� 103 and 3� 107 photoelectrons per
pulse was observed. The upper limit corresponds
to the maximum number of photoelectrons ex-
pected in the %pHeþ experiments.

4. Monte Carlo simulations

Monte Carlo simulations were made to estimate
the intensity and time profile of the Cherenkov

Fig. 4. Pulse-height distributions of the Cherenkov detector,

corresponding to three different incident angles of the 0.6-GeV

electron beam (a)–(c). The filled circle represent the position of

the helium target in the %pHeþ experiment. The mean number of

photoelectrons /geS produced per incident 0.6-GeV electron is

shown on each histogram.
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light produced by the delayed annihilations, and
the contribution of the background due to
pþ-mþ-eþ decay. The simulation required (i)
the mean photoelectron yield /geS measured
above, (ii) detailed knowledge on the numbers
and momentum distributions of the secondary
particles (mostly p-mesons, electrons, and posi-
trons) produced when antiprotons annihilate on a
helium nucleus. Unfortunately, although experi-
mental data [23,24] for certain channels of this
reaction have been recently published (Table 1), no
complete set of branching ratios exist. We there-
fore estimated the yields of secondary particles by
combining three sets of experimental data: (i) the
branching ratios for antiprotons annihilating on
protons [25–31], (ii) the experimental data for
antineutrons annihilating on protons, from which
we inferred the branching ratios for antiprotons

annihilating on neutrons [32,33], (iii) the experi-
mental observation that in the nuclear re-
action %pþ 4He; the ratio between the number of

Fig. 5. The response of the Cherenkov detector for pulsed

electron beams with peak intensities between I ¼ 3 pA and

40 nA (a)–(d). Note factor 1, 40, and 200 differences in the Y -

axis scales. Number of photoelectrons produced at various

intensities of the electron beam (e).

Table 1

Secondary particles produced in %pþ p; %pþ n; and %pþ 4He

reactions, and their experimental branching ratios shown

in percentages. Protons with momenta P > 300 MeV=c are

denoted by pf

Branching ratios ð%Þ for %pþ p

2p0 0:069370:0043 [25]

np0 ðnX1Þ 4:1�0:6
þ0:2 [26–28]

pþ þ p� 0:30770:013 [25]

pþ þ p� þ p0 5:8270:43 [29]

pþ þ p� þ 2p0 9:373:0 [26–28]

pþ þ p� þ 3p0 23:373:0 [26–28]

pþ þ p� þ 4p0 2:870:7 [26–28]

2pþ þ 2p� 6:970:6 [26–28]

2pþ þ 2p� þ p0 19:670:7 [26–28]

2pþ þ 2p� þ 2p0 16:671 [26–28]

2pþ þ 2p� þ 3p0 4:271 [26–28]

3pþ þ 3p� 2:170:25 [26–28]

3pþ þ 3p� þ p0 1:8570:15 [26–28]

3pþ þ 3p� þ np0 0:370:1 [28]

ðnX2Þ
Kþ þK� þK0 0:23770:016 [30]

Kþ þK� þ p0 0:23770:015 [31]

K7 þK0 þ p8 0:4670:07 [30]

K7 þK0 þ p8 þ p0 0:4770:06 [31]

Kþ þK� 0:09970:005 [25]

Branching ratios ð%Þ for %pþ n

p� þ np0 16:470:5 [32,28]

ðnX1Þ
p� þ p0 B0:8 [33]

2p� þ pþ þ np0 59:771:2 [32,28]

ðnX0Þ
2p� þ pþ 3:470:2 [33]

2p� þ pþ þ p0 1772 [33]

3p� þ 2pþ þ np0 23:470:7 [32,28]

ðnX1Þ
3p� þ 2pþ 4:270:2 [33]

3p� þ 2pþ þ p0 15:171:0 [32]

4p� þ 3pþ þ np0 0:3970:07 [32,28]

ðn > 0Þ

Branching ratios ð%Þ for %pþ 4He

sð %pnÞ=sð %ppÞ 4275 [34]

2pþ þ 2p� 2:75270:372 [23]

2pþ þ 2p� þ np0 ðnX1Þ 20:971:9 [23]

2pþ þ 2p� þ pf 0:34370:065 [23]

2pþ þ 2p� þ pf þ np0 ðnX1Þ 3:0870:35 [23]

3pþ þ 2p� 1:9770:32 [23]

pþ þ 2p� þ 2pf 0:85670:096 [23]

2p� þ 3pf 0:06370:010 [23]

M. Hori et al. / Nuclear Instruments and Methods in Physics Research A 496 (2003) 102–122108



antiprotons that annihilate on the neutrons of a
helium nucleus, and those that annihilate on the
protons is sð %pnÞ=sð %ppÞ ¼ 0:4270:05 [34]. We
estimate that on average 1:5 pþ-mesons, 1:8 p�-
mesons, and 2 p0-mesons are produced in a %pþ
4He reaction. The p0’s decay into two g-rays with a
0.08-fs lifetime [35] while still inside the helium
target. About 30% of the g-rays are converted into
electron and positron pairs while traveling through
the target walls, and some of these produce
Cherenkov light in the detector.

A simplified model was used to simulate the
momentum distributions of the secondary parti-
cles. Each annihilation deposited a total energy
Etot ¼ 1:9 GeV and produced mesons according to
the branching ratios given in Table 1. The
momentum vectors Pi of the mesons with rest
masses Mi were calculated by distributing the total
kinetic energy Ttot ¼ Etot � SiMi among the par-
ticles, assuming a relativistic phase-space distribu-
tion. Nuclear fragments [36] produced in reactions
such as %pþ 4He-3He or %pþ 4He-2H were
assumed to recoil with an energy of about
T ¼ 5–10 MeV: To test the accuracy of this
simulation, the measured momentum distribution
of p�-mesons produced in a %pþ 4He reaction [37]
was compared with the corresponding distribution
generated by the simulation (Fig. 6). In the high-
momentum region ðp ¼ 0:15–1:0 GeV=cÞ; the two
distributions agreed within the error bars and
reached a maximum at pB0:2 MeV=c: At lower
momenta ðpo0:1 GeV=cÞ; however, the experi-
mental yields were B50% lower than simulation,
presumably due to final-state nuclear interactions
which have been neglected here.

Using the GEANT 4.0 [38] simulation package,
a three-dimensional computer model of the cryo-
genic target, Cherenkov detector, and surrounding
material was generated (Fig. 2(b)). The trajectories
of all the particles produced in the annihilation
were followed for 15 ms: The important decay and
reaction processes were accurately simulated, such
as p7-m7-e7 and p0-2g decays, multiple
scattering, ionization, Bremsstrahlung, eþe� anni-
hilation and pair creation. The propagation of
Cherenkov photons inside the detector was simu-
lated (Fig. 2(b)) taking into account the optical
attenuation, reflection, and scattering inside the

radiator [22]. The quantum efficiency and time
response of the photomultiplier was measured, and
their effects were included in the simulation. Some
6� 106 simulated annihilations were calculated
over a period of 150 h using two workstations
(Digital Equipment Corporation AlphaStation
600-5/333 and AlphaPC 164). In Fig. 7(a), the
simulated distribution of the number of photo-
electrons g %p produced per antiproton annihilation
is shown. No photoelectrons were detected in
B25% of the annihilations, whereas in 1% of the
cases more than g %p ¼ 10 photoelectrons were
produced by charged particles striking the light
guide near the photocathode. A mean photoelec-
tron yield of /g %pS ¼ 1:9 was derived.

In Fig. 7(b), the simulated time spectrum of
Cherenkov photoelectrons produced by 6� 106

antiprotons annihilating at t ¼ 0 is shown.
Although the vast majority of the photoelectrons
were produced at t ¼ 0 in coincidence with the
annihilations, delayed photoelectrons were also
observed, the light envelope of which decayed with
a mean lifetime of t ¼ 2:2 ms: These delayed
photoelectrons constituted a major source of
background; they could not be distinguished
from the signal produced by the metastable

%pHeþ atoms, which contained multiple decay
components with lifetimes of t ¼ 0:2–5 ms [1,2].
The background was produced when some of the

Fig. 6. Simulated momentum distribution of p�-mesons pro-

duced by antiprotons annihilating on a 4He nucleus (solid

lines). Experimental data [36] are shown superimposed.
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low-energy pþ-mesons emerging from the annihi-
lations stopped in the target walls or in the
detector. These decayed into positive muons with
a mean lifetime of t ¼ 26 ns [35], and further
decayed into positrons with a 2.2-ms lifetime.
Some of these positrons with a mean energy of

T ¼ 40 MeV struck the detector and produced
delayed photoelectrons.

In Fig. 7(c), the envelope of Cherenkov light
that reaches the photocathode is shown, simulated
for a pulse containing 5� 108 antiprotons stop-
ping in the helium target. This spectrum was
synthesized by (i) taking the delayed annihilation
time spectrum (Fig. 1(b)) measured in past experi-
ments using continuous antiproton beams, (ii)
adding the pþ-mþ-eþ background, (iii) normal-
izing the spectrum with the mean photoelectron
yield ð/g %pS ¼ 1:9Þ estimated above. The resulting
spectrum consisted of a 250-ns-long flash with a
peak intensity of I ¼ 5–10 mW corresponding to
the prompt annihilations, followed by a 20-ms-long
tail with a peak intensity of I ¼ 20–40 mW caused
by the delayed annihilations. The hatched area
represents the contribution of the pþ-mþ-eþ

background, and contains 50–60% of the delayed
photoelectrons.

5. Gateable fine-mesh photomultiplier

According to the above simulations, a photo-
multiplier with a gain gB5� 104 should detect the
microwatt-scale Cherenkov light produced by the
delayed annihilations as a voltage signal with an
amplitude of a few hundred millivolts, terminated
with a 50-O impedance. Unfortunately, the
5–10 mW flash of Cherenkov light caused by
the prompt annihilation would normally saturate
the photomultiplier and blind it during the delayed
annihilation. Gateable photomultipliers [39] were
therefore used, in which the electron multiplication
could be turned off during the prompt annihila-
tion. We commissioned Hamamatsu Photonics
K.K. to manufacture four types of gateable
photomultipliers, the specifications of which are
listed in Table 2.

The diagram of the voltage divider circuit used
in one of these photomultipliers (R5505GX-
ASSY) is shown in Fig. 8. The dynodes are labeled
as D1, D2, D3, etc., with D1 being the closest
dynode to the photocathode. The tube was gated
off by high-voltage transistor switches which
reversed the electric potentials on the four dynodes
D2, D4, D6, and D8 simultaneously, thus causing

Fig. 7. Simulated distribution of the number of photoelectrons

produced in the Cherenkov detector by an antiproton

annihilation (a). Simulated time spectrum of photoelectrons

produced by 6� 106 antiprotons annihilating at t ¼ 0 (b). The

envelope of the Cherenkov light produced when a pulse

containing 5� 108 antiprotons is stopped in the helium target

(c). The hatched area corresponds to the background caused by

pþ-mþ-eþ decay.
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the electrons traveling between some of the
dynodes to be decelerated instead of being
accelerated. The photomultiplier gain, which was
normally adjusted to a value of g ¼ 5� 104; was
thus reduced by a switching ratio of rsw ¼ 5� 105

(Table 2). After the gate, the photomultiplier
returned to its normal gain within DtB150 ns:

In order to optimize the linearity of the
photomultiplier, (i) large bypass capacitors
(C ¼ 10–47 mF) were connected between the last
8 dynodes (D8–D15), (ii) the photocathode was

directly connected to a high-voltage supply with a
low output impedance. The photomultiplier was
thus able to produce linear signals with pulse-
lengths of up to Dt ¼ 10 ms and amplitudes of up
to 0:5 V; terminated with a 50-O impedance. For
shorter pulses of Dt ¼ 100 ns duration or less, the
linearity was maintained even for signal ampli-
tudes up to 10 V:

The timing response of the photomultipliers for
short light pulses was important in our experi-
ment, since the nanosecond-scale Auger lifetimes

Table 2

Specifications of the gateable photomultipliers studied here. The potential difference between the photocathode and first dynode at a

photomultiplier gain g ¼ 5� 104 is denoted by DVK�D1

R4275-02/C1392-12 R3234-01-ASSY R5504GX-ASSY R5505GX-ASSY

Photocathode type Bialkali Bialkali Multialkali Bialkali

Photocathode diam 46 mm 10 mm 34 mm 17:5 mm

Dynode type Line-focus Line-focus Fine-mesh Fine-mesh

Dynode stages 8 12 19 15

Switching dynodes D2,D4 D1–D8 D1–D8 D2,D4,D6,D8

Switching ratio 1� 103 1� 105 5� 105 5� 105

DVK�D1 320 V 280 V 110 V 140 V

Anode rise time 2:1 ns 1:4 ns 2:7 ns 1:6 ns

Anode fall time 5:2 ns 3:8 ns 6:7 ns 4:3 ns

Fig. 8. Diagram of the voltage divider circuit used in the fine-mesh photomultiplier (Hamamatsu Photonics R5505GX-ASSY). The

electron multiplication was gated off by reversing the potentials on dynodes D2, D4, D6, and D8 simultaneously.
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of several states in %pHeþ were derived by measur-
ing the decay times (Fig. 1(c)) of the laser-induced
annihilation spikes [8,19]. In Fig. 9(a), the anode
signal of the above photomultiplier (R5505GX-
ASSY) is shown. It was detected by injecting a
100-ps-long light pulse into the photocathode, and
using a voltage divider circuit without the damping
resistors ðR ¼ 51 OÞ shown in Fig. 8. The signal
had fast rise ðtr ¼ 1:7 nsÞ and fall ðtf ¼ 3:4 nsÞ
times, although ringing was observed at about 8%
of the main pulse amplitude for DtB10 ns after it.
In Fig. 9(b), the signal measured with damping
resistors [40] connected to the last 7 dynodes (D9–
D15) is shown. Although the resulting fall-time
was longer ðtf ¼ 4:3 nsÞ; the amplitude of the
ringing was diminished to about 1:5% of the main
pulse.

The experimental setup shown in Fig. 10 was
used to measure the response of these photomul-
tipliers when a strong light pulse was injected into
them. To simulate the prompt annihilation, we

constructed a light source (Fig. 10, top left) which
consisted of 45 InGaAcP light emitting diodes
(LED’s, Toshiba TOSBRIGHT TLGE183P), each
with a diameter of d ¼ 5 mm and arranged in a
semi-circular configuration with a total diameter
of d ¼ 40 mm: The LED’s were fitted with
miniature focusing lenses which produced a uni-
directional beam of light, with a full opening angle
of y ¼ 101; a wavelength of lB575 nm; and an
intensity of r ¼ 5–10 cd: A pulsed current of
I ¼ 50–100 mA was provided to each LED by
the driving circuit shown in Fig. 10. To evenly
illuminate the entire surface of the photocathode,
a circular holographic diffuser (manufactured by
Physical Optics Corporation) with a diffusing
angle of y ¼ 301 and transmission efficiency of
85% was positioned between the light source and
photomultiplier. The absolute intensity of the light
flash was calibrated using a silicon photodiode
(Hamamatsu Photonics S1337-1010BQ). Measure-
ments were made with the following procedure: (i)
the photomultiplier under test was gated off, (ii)
the light source was flashed on at t ¼ 0; thus
irradiating the photocathode with a 100-ns-long
pulse with a peak intensity of I ¼ 5 mW; (iii) the
photomultiplier was switched back on at t ¼
300 ns; and the anode waveform recorded using
a digital oscilloscope.

In Fig. 11(a), the waveform of a high-speed
gateable photomultiplier (R4275-02/C1392-
12MOD) with a 46-mm-diam bialkali photo-
cathode and 8 line-focus dynodes [40] is shown.
The potentials on dynodes D2 and D4 were
reversed during the arrival of the 5-mW light
pulse, thus achieving a switching ratio of rsw ¼
103: Since the photomultiplier’s effective gain
was reduced to a value of g=rswB50; a highly
diminished signal with an amplitude of B500 mV
was observed at t ¼ 0: The photomultiplier
was reactivated by returning the two dynodes to
their normal values. Ideally, no signal should
afterwards emerge from the anode, but as
shown in Fig. 11(a), four spurious afterpulses with
amplitudes of 100–400 mV were seen at t1 ¼
0:6 ms; t2 ¼ 1:1 ms; t3 ¼ 1:9 ms; and t4 ¼ 2:8 ms:

In Fig. 11(b), the afterpulses of a R3234-01-
ASSY photomultiplier with a 10-mm-diam, bial-
kali photocathode and 12 line-focus dynodes is

Fig. 9. Response of the fine-mesh photomultiplier (R5505GX-

ASSY) to a 100-ps-long light pulse, measured without (a) and

with (b) damping resistors.
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shown. This detector was recommended by the
manufacturer for high-speed single-photon count-
ing applications, and designed to have reduced
afterpulsing. The potentials on the first eight
dynodes (D1–D8) were reversed during gating. It
was hoped that the dynodes would absorb the ion
pairs produced by the light flash, and prevent the
afterpulsing. The switching ratio of the detector
was so high ðrsw ¼ 1� 105Þ that the signal from the
5-mW flash was almost completely suppressed by
the gating (Fig. 11(b)). Two afterpulses at t1 ¼
0:6 ms and t2 ¼ 0:95 ms were observed, but unlike
the R4275-02/C1392-12MOD, no strong after-
pulses were detected after tB1 ms:

In Fig. 11(c), the afterpulse response of a fine-
mesh photomultiplier [41,42] (R5504GX-ASSY)
with a 34-mm-diam multialkali photocathode is
shown. The photomultiplier had 19 dynodes, each
consisting of a fine mesh with a geometrical
transmission of about 50% and a pitch of

1500 meshes=in: The spacing between neighboring
dynodes was less than d ¼ 1 mm; while the
distance between the photocathode and first
dynode was less than d ¼ 3 mm: The potentials
on the eight dynodes D1–D8 were reversed during
the gating, thus achieving a switching ratio of
rsw ¼ 5� 105: The afterpulse had a length of
DtB0:5 ms and a small amplitude, the major part
of which disappeared after tB0:7 ms: In Fig. 11(d),
the response of a fine-mesh photomultiplier
(R5505GX-ASSY) with a 17.5-mm-diam bialkali
photocathode and 15 dynodes is shown. As
described above, the potentials on the four
dynodes D2, D4, D6, and D8 were reversed during
the gate. The amplitude of the afterpulse was
similar or slightly larger than that of the
R5504GX-ASSY.

In Fig. 12(a), the ratios between the charge Qafter

in the afterpulse and the total charge Qtotal in the
anode signal are plotted. The photomultiplier gain

Fig. 10. Schematic drawing of the LED light source to simulate the prompt annihilation (top left), and the circuit diagram of the high-

current pulser used to drive it (bottom). Experimental setup to measure the afterpulse characteristics of photomultipliers (top right).
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was kept constant at a value of g ¼ 5� 104; while
the intensity of the light pulse was varied between
values corresponding to a total anode charge of
Qtotal ¼ 200 and 1000 pC: Measurements were
made using three identical fine-mesh photomulti-
pliers (R5505GX-ASSY), and the three sets of
results were plotted by filled circles, triangles, and
squares. The afterpulse intensities varied by a
factor of B2 among the photomultipliers, possibly
due to variations in manufacturing or handling.
The ratio Qafter=Qtotal remained constant at about
ð6212Þ � 10�4; with little or no dependence on the
light intensity.

We next measured the afterpulse amplitudes at
various values of the photomultiplier gain and a
fixed intensity of the light pulse. As shown in
Fig. 12(b), the ratio Qafter=Qtotal increased drama-
tically from ð6213Þ � 10�4 to ð1:523Þ � 10�2 as

the gain was changed from g ¼ 1� 104 (corre-
sponding to a potential difference of DVK�D1 ¼
110 V between the photocathode and first dynode)
to 5� 106 (corresponding to a DVK�D1 value of
280 V).

Although the afterpulsing in line-focus photo-
multipliers has been studied for the past 40 years,
the mechanisms that cause them are not fully
understood [40]. In Ref. [43], it is argued that
afterpulsing is mainly caused by photoelectrons
ionizing the residual gases in the volume between
the photocathode and first dynode. The positive
ions drift towards the photocathode and strike its
surface, releasing secondary electrons. These are
amplified by the electron multiplier and emerge
from the anode as an afterpulse. The authors point
out that the electric fields in a line-focus photo-
multiplier are such that the transit time for an ion

Fig. 11. Afterpulse characteristics of four types of gateable photomultipliers (a)–(d). They were gated off during the strong light pulse

at t ¼ 0; and reactivated at t ¼ 300 ns: Schematic diagrams of the four photomultipliers (right).
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of a given mass and charge to reach the photo-
cathode is nearly independent of its point of
origin. Since the ions arrive at the photocathode
nearly simultaneously, a sharp afterpulse is pro-
duced, the delay time t being determined by its
mass and charge. In experiments using a line-focus
photomultiplier, it was found that 3–4 secondary
electrons were emitted from the photocathode per
incident H2

þ ion which caused a large afterpulse to
appear at t ¼ 0:3 ms: In contrast, a N2

þ ion
produced only a single electron which led to a
relatively weak afterpulse at t ¼ 1:2 ms: Afterpulses
caused by Arþ and Xeþ ions were detected at t ¼

1:3 and 2:5 ms; respectively. In Ref. [44], it is
reported that afterpulses can also be produced by
single ions such as Hþ; Heþ; and Oþ: The author
argues that these ions can originate inside the
electron multiplier, as well as from the volume
between the photocathode and first dynode.
Recent theoretical [45] and experimental [46,47]
studies support the above references. We therefore
assumed that the strong afterpulse which appears
at t ¼ 0:6 ms in Fig. 11(a) is due to H2

þ ions
striking the photocathode. In Ref. [48], the
increase of the afterpulse over long periods of
time caused by diffusion of helium gas through the
glass window of the photomultiplier was studied.
Although the photomultipliers used in the present
experiments were operated for several weeks near
a helium target, we detected no significant increase
in the afterpulse amplitudes. It has also been
reported that gating the photomultiplier during a
strong flash of light can significantly reduce the
afterpulse [49,50].

In the line-focus photomultipliers studied here,
sharp afterpulses with large amplitudes were
observed, whereas in fine-mesh photomultipliers
the afterpulses were much longer with smaller
amplitudes. The reasons for these differences are
not understood. A possible explanation is that in
fine-mesh photomultipliers, the positive ions pro-
duced by gas ionization along the trajectory of the
photoelectrons arrive at the photocathode with a
broad timing distribution due to the parallel
electric fields between the electrodes, while in
line-focus photomultipliers the ions arrive almost
simultaneously as described above. Furthermore,
at the photomultiplier gain of g ¼ 5� 104 used in
these experiments, the potential difference between
the photocathode and first dynode D1 in the line-
focus photomultipliers were much larger
(DVK�D1B300 V; see Table 2) compared to the
corresponding values in the fine-mesh photomul-
tipliers (DVK�D1 ¼ 110–140 V). Since the yield gsec
of secondary electrons emitted from the photo-
cathode is strongly dependent on the energy of the
ions striking its surface [51], we expect that more
of them are produced per incident ion in line-focus
photomultipliers compared to fine-mesh ones. This
assumption is partially supported by the experi-
mental results of Fig. 12(b), which show that as the

Fig. 12. Ratio between the charge Qafter in the afterpulse and

the total charge Qtotal in the anode signal (a), measured at a

fixed photomultiplier gain g ¼ 5� 104 and varying the intensity

of the light pulse. The ratio Qafter=Qtotal measured at various

values of the gain, and a fixed light intensity (b).
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DVK�D1 value was increased from 110 to 280 V in
a fine-mesh photomultiplier (R5505GX-ASSY) by
increasing the gain from g ¼ 1� 104 to 5� 106;
the relative intensity of the afterpulses increased
drastically from Qafter=Qtotal ¼ ð6213Þ � 10�4 to
ð1:523Þ � 10�2:

6. Experimental results with %pHeþ atoms

The waveform shown in Fig. 13(a) was detected
by the ungated Cherenkov detector when a pulse
containing 5� 108 antiprotons was stopped in the
helium target. A fine-mesh photomultiplier
(R5504GX-ASSY) was used at a gain of g ¼
1� 103: The prompt annihilation is clearly seen as
a 250-ns-long pulse, but the signal corresponding
to the delayed annihilation of %pHeþ is so weak that
it is barely visible. In Fig. 13(b), the spectrum
measured at the same beam intensity but with a
higher gain of g ¼ 5� 104 is shown. The initial
light flash saturated the photomultiplier, and an
abnormal drop of the anode signal below ground
potential was seen which continued until tB50 ms:
In Fig. 14(c) the result of gating the photomulti-
plier during the prompt annihilation is shown. The
delayed annihilation is now clearly detected as a
300–700-mV signal. All subsequent measurements
were made under these conditions.

The delayed annihilation time spectrum shown
in Fig. 14(a) was measured at a beam intensity of
5� 108 antiprotons per pulse and using the line-
focus photomultiplier (R4275-02/C1392-12MOD).
The laser annihilation spike corresponding to the

%pHeþ transition ðn; cÞ ¼ ð37; 35Þ-ð38; 34Þ at a
wavelength of l ¼ 726:1 nm was induced at t ¼
1 ms in the spectrum. The strong afterpulse
appearing at tB0:5 ms made the detection of weak
transitions at early times ðto0:7 msÞ difficult or
impossible, since the laser-induced annihilation
spikes could not be easily distinguished from the
afterpulses. In contrast, the spectrum measured
using the fine-mesh photomultiplier (R5504GX-
ASSY) contained no significant afterpulses
(Fig. 14(b)). Clear annihilation spikes could hence
be induced at much earlier ðtB0:3 msÞ times.

In Fig. 14(c), the electric charge in the anode
signal integrated over the time interval between

t ¼ 0 and 20 ms is shown, measured at various
beam intensities between 4� 107 and 4� 108

antiprotons per pulse. The fine-mesh photomulti-
plier (R5504GX-ASSY) showed a linear response,
whereas the line-focus photomultiplier (R4275-02/
C1392-12MOD) had a highly non-linear response.
The observed differences are presumably due to
the fact that in fine-mesh photomultipliers, large
numbers of electrons can be accelerated in the
uniform electric fields between the mesh dynodes
without reaching a high space-charge density,
whereas in line-focus photomultipliers the elec-
trons are strongly focused, causing space-charge
effects in the later stages of the electron multiplier.

Fig. 13. The prompt annihilation produced by 5� 108 anti-

protons stopping in the helium target (a), measured at a

photomultiplier gain g ¼ 1� 103: The spectrum measured at

the same beam intensity and with g ¼ 5� 104 (b). The delayed

annihilation time spectrum (c) measured when the photomul-

tiplier was gated off during the prompt annihilation and

reactivated at t ¼ 250 ns:
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Using this Cherenkov detector with fine-mesh
photomultiplier, it became possible to induce and
detect extremely weak transitions at early times in
the delayed annihilation time spectrum, which had
never been observed before [13]. In Fig. 15(a)–(e),
the spectra measured using a helium target with a
100-ppm admixture of molecular hydrogen, at
pressure P ¼ 5 bar and temperature T ¼ 30 K is
shown [13]. The laser was fired at t ¼ 0:3 ms in
each spectrum, the wavelength l being varied as
indicated. The small peak which appears as the
laser wavelength approaches l ¼ 597:297 nm cor-
responds to the transition ðn; cÞ ¼ ð38; 35Þ-
ð39; 36Þ: Normally, this transition cannot be
observed because both parent and daughter states
are metastable with 1-ms lifetimes, while according
to the discussion of Section 1, the laser pulse can
produce an annihilation spike only if the lifetimes
of the two states differ substantially. It was found,
however, that collisions between %pHeþ atoms and
hydrogen molecules selectively shorten the life-
times of states having high n-values (i.e. ð39; 36Þ in
this case) while leaving the lifetimes of the lower-n
states (i.e. ð38; 35Þ) relatively unchanged. By
adding small admixtures of hydrogen in the target,

we were therefore able to detect four transitions:
ð38; 35Þ-ð39; 36Þ at a wavelength of l ¼
ð597:29870:002Þ nm (the resonance profile of
which is shown in Fig. 15(f)), ð38; 36Þ-ð39; 37Þ at
ð597:39770:002Þ nm (Fig. 15(g)), ð38; 37Þ-
ð39; 38Þ at ð597:60770:002Þ nm (Fig. 15(h)),
and ð37; 36Þ-ð38; 37Þ at ð597:93070:002Þ nm
(Fig. 15(i)).

The stability and reproducibility of the experi-
ment was studied by measuring the transition
ðn; cÞ ¼ ð37; 34Þ-ð36; 33Þ at a wavelength of l ¼
470:7 nm: In Fig. 16(a), the intensities of ten
antiproton pulses stopped consecutively in the
helium target are shown, the number of antipro-
tons in each pulse decreasing from 5� 108 to 5�
107: In Fig. 16(b), the energies of the laser pulses
irradiating the %pHeþ atoms are shown. The energy
fluctuated by about 720%; due to instabilities in
the excimer-pumped dye lasers used in these
experiments [5,6]. In Fig. 16(c), the corresponding
intensities of the laser-induced annihilation spikes
are shown, normalized to the total number of
stopped antiprotons. This fluctuated by 722%;
probably due to instabilities in the timing profiles
and wavelengths of the laser pulses.

Fig. 14. Delayed annihilation time spectra measured using a line-focus (R4275-02/C1392-12MOD) photomultiplier (a), with the

transition ðn; cÞ ¼ ð37; 35Þ-ð38; 34Þ at a wavelength of l ¼ 726:1 nm induced at t ¼ 1 ms: The spectrum measured using a fine-mesh

photomultiplier (R5504GX-ASSY) (b), with the spike induced at t ¼ 0:4 s: Total charge in the anode signals (c) of the two

photomultipliers measured at various intensities of the antiproton beam.
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7. Comparisons with experiments using continuous

antiproton beams

We compared the experimental data measured
using pulsed antiproton beams in the present
work, with those measured using continuous
antiproton beams in past experiments. In the latter
type of experiment [5,6,8], antiprotons were
continuously injected into the helium target at
rate of 104 %p=s; so that on average only a single
metastable %pHeþ atom existed inside the target at
a time (Fig. 17). The arrival of antiprotons was
detected by a 0:5 mm-thick plastic scintillation
counter, which was placed in the beam upstream
of the target. Each annihilation was identified with
99:770:1% efficiency by seven shower counters
surrounding the target, which detected at least two
of the five p-mesons typically produced in an
annihilation event. The time of annihilation was
thus measured relative to the time of passage of the

antiprotons through the beam counter, one
particle at a time. In this way, a background-free
spectrum containing B106 delayed annihilations
of metastable atoms was obtained. The laser pulses
reached the atom at a time t ¼ 1:8 ms or later, as
this was the minimum delay achievable by the
method of identifying the randomly occurring
metastable events, and then triggering the lasers.

The delayed annihilation time spectrum shown
in Fig. 18(a) was measured by stopping a pulse of
2� 108 antiprotons in the helium target at
pressure P ¼ 0:6 bar and temperature T ¼ 5:8 K:
The transition ðn; cÞ ¼ ð39; 35Þ-ð38; 34Þ at a wa-
velength of l ¼ 597:26 nm is induced at t ¼ 1:6 ms:
In Fig. 18(b), the spectra measured at the same
experimental conditions, but using a continuous
antiproton beam is shown. The number of events
in the laser-induced spike should be the same
in both spectra when normalized to the total
number of stopped antiprotons. By comparing the

Fig. 15. Delayed annihilation time spectra (a)–(e) measured using a helium target at a pressure of P ¼ 5 bar and temperature of

T ¼ 30 K; with a 100-ppm admixture of molecular hydrogen. Laser pulses with the indicated wavelengths l are irradiated at t ¼ 0:3 ms:
The spike intensities as a function of laser wavelength, for the transitions ð38; 35Þ-ð39; 36Þ (f), ð38; 36Þ-ð39; 37Þ (g), ð38; 37Þ-ð39; 38Þ
(h), and ð37; 36Þ-ð38; 37Þ (i). All figures taken from Ref. [13].
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intensities of the two spikes, therefore, we were
able to estimate that the pþ-mþ-eþ background
(which appears in the former spectrum, but not the
latter) constitutes 50–60% of the Cherenkov light
as represented by the hatched area. This estima-
tion agrees with the results of the Monte Carlo
simulation shown in Fig. 7(c).

8. Experiments at the antiproton decelerator

The LEAR facility was closed in 1996, and
replaced by the Antiproton Decelerator (AD) [16]
which began operation in 1999. Laser spectro-
scopy experiments of %pHeþ atoms were there
continued by the Antiproton Spectroscopy And
Collisions Using Slow Antiprotons (ASACUSA)
collaboration [15,17–20], as shown in the experi-

mental layout of Fig. 19. The AD produced a
pulsed beam containing 3� 107 antiprotons at an
energy T ¼ 5:3 MeV and repetition rate f ¼
0:01 Hz:Due to the lower energies, the antiprotons
could be stopped in a much smaller volume of
helium gas compared to the LEAR experiments
(Fig. 2) which were made using 21-MeV antipro-
tons. Two small Cherenkov detectors made of
UV-transparent acrylic (Mitsubishi Rayon, Acry-
lite-000) measuring 300 mm� 100 mm� 20 mm
covered a solid angle of 2p steradians seen from
the target. The Cherenkov detectors were read
out by fine-mesh photomultipliers (R5505GX-
ASSY) with 17.5-mm-diam bialkali photocathodes
(Table 2). Due to the smaller construction of the
Cherenkov radiators and photomultipliers, the
anode signals had faster rise ðtr ¼ 1:5 nsÞ and fall
ðtf ¼ 2:3 nsÞ times, and larger photoelectron yields
(/g %pS ¼ 10–15) than those used previously at
LEAR.

In Fig. 20(a), a delayed annihilation time
spectrum is shown with the annihilation spike of
the transition ðn; cÞ ¼ ð35; 33Þ-ð34; 32Þ at a wave-
length of l ¼ 372:6 nm induced at t ¼ 5 ms: The
fast timing response of the detector allowed us to

Fig. 16. The intensities of 10 consecutive antiproton (a) and

corresponding laser (b) pulses arriving at the target. The

normalized intensities of the resulting laser-induced annihila-

tion spikes (c) of the transition ðn; cÞ ¼ ð37; 34Þ-ð36; 33Þ at a
wavelength of l ¼ 470:7 nm:

Fig. 17. Layout of the laser spectroscopy experiment of %pHeþ

using a continuous antiproton beam. Individual antiprotons are

stopped in the target at a rate of 104 %p=s; and the lifetime of

each atom is measured as the time elapsed from antiproton

incidence (supplied by the beam counter) to annihilation

(supplied by the seven shower counters surrounding the target).
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Fig. 18. Delayed annihilation time spectra measured by stop-

ping a pulse of 2� 108 antiprotons in a helium target (a). The

transition ðn; cÞ ¼ ð39; 35Þ-ð38; 34Þ at a wavelength of l ¼
597:26 nm is induced at t ¼ 1:6 ms: The hatched area represents

the contribution from pþ-mþ-eþ background. The back-

ground-free, delayed annihilation time spectrum measured

using the continuous antiproton beam (b).

Fig. 19. Layout of laser spectroscopy experiment of %pHeþ

carried out at AD.

Fig. 20. Typical delayed annihilation time spectrum measured at AD (a). Expanded view of the laser-induced annihilation spike

corresponding to the transition ðn; cÞ ¼ ð35; 33Þ-ð34; 32Þ at a wavelength of l ¼ 372:6 nm (b). Resonance scan of the 372.6-nm

transition (c).
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accurately measure the decay rates of the annihila-
tion spikes (Fig. 20(b)), from which we deduced
the Auger lifetimes of the atomic states
(tð34;32Þ ¼ 571 ns in this case) [17,19]. In
Fig. 20(c), the spike intensity is plotted as a
function of the laser wavelength. From resonance
scans such as those shown here, we were able to
derive the atomic transition frequencies of %pHeþ to
fractional precisions between 1:3� 10�7 and 1:6�
10�6 [17].
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