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Delayed annihilation of antiprotons in helium gas
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The delayed annihilation of antiprotons, which was recently discovered in liquid He at KEK,
has been studied at CERN in gas-phase He and He. The annihilation time spectra in gas He at
various pressures were found to be similar to that for liquid He. The observed average lifetime in
the region t ) 1 @sec for 3 atm He was about 3.2 psec, while for 3 atm He gas it was 2.8 psec,
i.e., shorter by 15/0. The time spectra show a growth-decay-type function, which is indicative of
the presence of a series of metastable states. For He and He they have nearly identical shapes,
differing only in the time scale by (14 + 3)%. These observations are qualitatively consistent with
the atomic model of pe He + proposed by Condo [Phys. Lett. 9, 65 (1964)]. The time spectra were
found to be sensitive to the presence of small amounts (as small as 20 ppm) of Hs. No evidence was
seen for delayed annihilation in gaseous Ne.

PACS number(s): 36.10.—k

I. INTRODUCTION

It was long believed that any negatively charged
hadron stopped in matter would annihilate by nuclear
absorption within 10 sec after the capture by an atom
of the stopping substance (i.e., after exotic-atom forma-
tion). Contrary to this belief, it has been found that
a small fraction (2—3 %%uo) of 7r 's [1], K 's [2], and P [3]
stopped in liquid helium are trapped in metastable states
and survive with average lifetimes of 10 nsec, 40 nsec, and
3 psec, respectively.

This metastability may be interpreted as a property
of neutral exotic helium atoms X e He2+, where the
"exotic" particle X is bound in a state with large prin-
cipal quantum number n and large orbital angular mo-
mentum l. Since the E1 transition energies are much less
than the electron ionization energy ( 25 eV), fast Auger
transitions are not possible. Furthermore, the neutral-
ity resulting &om the continued presence of an electron
in this system makes deexcitation via Stark mixing less
probable. This explanation was 6rst suggested by Condo
[4] to explain the anomalous free-decay fractions of 7r

and K in helium bubble chambers, and later studied
theoretically by Russell [5], nearly two decades before
the experimental observation (see Ref. [6) for historical
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accounts). Ahlrichs et al. [7] calculated the energy lev-
els and lifetimes of the antiprotonic helium atom using
the Born-Oppenheimer approximation. Recently, further
theoretical studies have been carried out by Yamazaki
and Ohtsuki in the atomic picture [8] and by Shimamura
[9] and by Greenland and Thurwachter [10] in the molec-
ular picture. According to these calculations, a typical
radiative lifetime of a metastable state is a few psec and
there should be a series of such states in a cascade. We
would therefore expect that the overall survival time will
be longer than a single-state lifetime, while the observed
value in liquid helium is only 3 @sec. One explanation
of this discrepancy might be that these calculations were
made for isolated X e He + atoms and did not take in-
teractions with neighboring atoms into account, so that
strictly speaking the results only apply to very dilute me-
dia and not to liquid helium. There is no theory avail-
able regarding the effect of neighboring helium atoms on
the metastability, although the interactions with the sur-
roundings are known to be important usually in deter-
mining the eventual fate of exotic atoms. Furthermore,
the calculations do not give annihilation time spectra,
because this requires the knowledge of the initial level
population P(n, l) which has been little studied exper-
imentally or theoretically. Experiments on low-density
media are therefore essential if we wish to understand
the structure and the behavior of an isolated X e He +
atom.

To this end, we need a monoenergetic antiproton beam
of the lowest possible energy, because the range strag-
gling (distribution of the stopping position) has to be
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II. EXPERIMENTAL METHOD

The experiment (PS205) was performed at the Ml
beam line of LEAR, where a small fraction ( I'Fo) of
the 105 MeV/c p beam was available parasitically. The
experimental setup is shown in Fig. 1. We took data on
pure He and He gas at different pressures at room tem-
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FIG. 1. Setup of the PS205 experiment. The top figures

(a), (b) show the whole setup, and the lower parts (c), (d)
the region around the beam counter. H denotes a hodoscope
and T a telescope.

minimized. We are therefore continuing our studies of
the delayed annihilation of antiprotons in helium gas at
the low energy antiproton ring (LEAR) of CERN, which
provides a high-quality and low-momentum antiproton
beam which can be stopped in low density gas at vari-
ous conditions of temperature and pressure. The present
paper reports many experimental procedures and results
not presented in the short description of the experiment
already published [11]. The achieved stopping distribu-
tions ofp in He gas of 1—10 atm pressure will be discussed
in Sec. II together with other experimental details. We
were able to measure the pressure and impurity depen-
dence of the trapping time as well as the difference be-
tween He and He. Section III gives an overview on the
data analysis, and in Sec. IV the results are presented.
In Sec. V we discuss the experimental results and their
implications.

perature, as well as on He with controlled admixtures
of H2, and on pure Ne.

A. p stopping distribution

The p beam momentum and its spread were p = 105
MeV/c (kinetic energy T = 5.85 MeV) and Ap/p & 10
respectively. The typical beam intensity in the present
experiment was 5 x 10 p/sec.

The p's left the beam line vacuum through a 100 pm
thick Be window [see Fig. 1(c)]. They were detected by a
100 ium thick plastic scintillation counter (B) (10 mrn di-

ameter) placed 3.5 cm downstream, and entered a target
gas chamber through a Kapton window (25 pm thick, 2

cm in diameter), 4 cm downstream of B. The B counter
is shown in detail in Fig. 1(d). A square piece of plas-
tic scintillator (3 x 3 cm2 NE 102A, 100 pm thick) was

glued to a 3 cm wide and 5 mm thick Lucite light guide
containing a 2 cm diameter beam hole. The arrange-
ment allowed some overlap of scintillator and light guide
so that the p's outside the hole were still detected by B.
but stopped and annihilated in the Lucite. This permit-
ted us to eliminate spurious delayed events resulting from
prompt pions produced by undetected p's (see Sec. II E).

An additional degrader (50 pm Kapton) was placed
halfway between the B counter and the entrance window
to tune the p stopping position in the gas target chamber.
The gas target chamber was a cylindrical stainless steel
container of 6 cm inner diameter and 18 cm length.

Downstream of B a ring-shaped plastic scintillator (A)
was placed (an outer diameter of 30 mm and an inner di-

ameter of 10 mm). It was used to eliminate p's which
are too far off the beam axis. The A counter also served
for beam steering and diagnostics. It was placed down-

stream of B so that p annihilation in the aluminized my-

lar foil light shield around A did not cause spurious de-

layed events.
We used He gas at room temperature and at pressures

between 1 and 10 atm. To stop p's in a gas target such
as ours, a low energy beam with a narrow momentum
spread is essential. To calculate the necessary thickness
of degraders and to estimate the range straggling inside

the gas target, we used a Monte Carlo program devel-

oped by one of the authors (M.I.) and the tables of Janni

[12]. In the high energy region the program uses Ziegler's

parametrization of the proton energy loss [13] to calcu-

late the antiproton energy loss. Below 100 MeV/c, the

energy loss of antiprotons is known to be different from
that of protons (Barkas eKect). It has been extrapolated
for all materials by a fit to data Rom Andersen [14] and
was included in the calculation in the energy range be-

tween 5 MeV and 1 MeV. Below 1 MeV, the energy loss

is assumed to be a fIat function of the energy, as recent
experiments at LEAR indicate [15].

Table I gives the energy losses calculated for the setup
described above, assuming no energy straggling. For the
estimation of the range straggling, the energy straggling
was calculated by evaluating the Vavilov distribution [16]
with a sixth-order lunge-Kutta-Fehlberg method. Ta-
ble II compares the calculated ranges with those mea-
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TABLE I. Calculated energy losses bT ofp s in the windows and counters used in this experiment.
x is the distance from the beamline window in beam direction, d the thickness of the material, d
the surface density of the material in mg/cm, and T the kinetic energy of the p's after they traverse
the material.

Location

Incident beam energy
Beamline window

Gap
B counter
Gap
Degrader
Gap
Target window

Material

Be
Air
Plastic scintillator
Air
Kapton
Air
Kapton

(cm)

3.5

5.5

7.5

100 pm
3.5 cm
100 pm

2 cm
50 pm
2 cm

50 pm

d'

(„')
18.5
4.2
10.3
2.4
7.0
2.4
3.5

bT
(MeV)

1.15
0.30
0.97
0.22
0.77
0.28
0.50

T
(MeV)
5.85
4.70
4.40
3.43
3.21
2.44
2.16
1.66

sured by the hodoscopes (see Sec. II C). The errors of
the calculation originate &om uncertainties of the thick-
nesses of counters and windows (if the real thickness of
the B counter differs by 10', the range will shift by
about 3 cm). Here the inclusion of the Barkas effect
leads to a significantly larger range in the low density gas
medium. The values calculated with the Barkas effect are
still slightly smaller than the observed range, but taking
into account the errors mentioned above, the agreement
is satisfactory. With a 50 pm Kapton degrader, the p's
were stopped in the center of the target vessel at a gas
pressure of 3 atm. The calculated range straggling bR
at 3 atm is about 4 cm [full width at half maximum
(FWHM)], and at 10 atm about 1 cm. The experimental
values for bR were obtained by unfolding the resolution
(=4.5 cm) of the hodoscopes. Since this resolution is of
the same order as the straggling, the experimental values
are not very accurate, but they agree with the results of
the calculation.

In conclusion, for the 105 MeV/c p beam, it is easy to
achieve a stopping distribution of a few cm length along
the beam axis even in a 1 atm gas target.

cylinders and molecular sieve could be evacuated sepa-
rately by a turbo molecular pump. The target container
was baked at about 200 'C for 2 h and evacuated before
every gas change. Research grade 4He or He (impurity
contents ( 1 ppm) was passed through the molecular
sieve cooled to 77 K to condense contaminations (mainly
water). Needle valves were inserted between the molec-
ular sieve and the gas bottle to control the gas How into
the target vessel.

C. Particle detection

To detect the charged annihilation products (7r+), we
installed two counter systems. One was a hodoscope ar-
ray (Hl and H2) used to measure the p stopping position
and covered only the small solid angle sufBcient for this
purpose. The other comprised four sets of telescope coun-
ters Trr, TD, Tl. , and T~ (for "Up," "Down, " "Left," and
"Right, " respectively; see Fig. 1). The counters on either
side consisted of one inner scintillator Tl and three outer
scintillators T2a, T2b, and T2c. The telescope counters
covered a total solid angle of 2x.

B. Gas handling and purification system

To ensure that the target gas we were using was suK-
ciently free of impurities, we proceeded very carefully in
filling our gas chamber. As will be shown in Sec. IV, the
purity of the gas turned out to be essential to observe
the undisturbed lifetime of p's in He.

Our gas handling system consisted of gas bottles, sarn-
ple cylinders, a molecular sieve, and a target vessel. The
parts were connected by stainless steel pipes (1/4 in. di-
ameter) and standard Swagelok joints. Target, sample

D. Time spectra

The time interval measured in the experiment is the de-
lay between the passage of the beam antiproton through
the B counter and the arrival of its annihilation prod-
ucts (sr+) in the T2 counters. A multistop long-range
time to digital converter (LeCroy TDC Model 4208) was
employed to measure this time interval, with its time gate
(maximum time interval) set to 50 @sec. The multistop
capability of the TDC Model 4208 was used to reject

TABLE II. Calculated and measured values for range and range straggling in helium gas of
different pressure. bR is the full width at half maximum.

Pressure

Standard calculation
with Barkas effect

Experiment

(R) (cm)
9.0 + 2.0
11.9 1 2.0
13.5 + 1.0

3 atm
bR (cm)

3.8
3.8

3+1

(R) (cm)
2.7 + 1.5
3.6 + 1.5
6.6 + 1.0

10 atm
bR (cm)

1.2
1.2

]
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post-pileup events. We took a separate TDC spectrum
for each of the outer 12 telescopes T2 p. The background
rejection method will be described below. Antiprotons
with 1.5 MeV energy need roughly 25 nsec to stop in 1
atm He gas. Soon after they are captured by He atoms
and usually annihilate within 10 sec. The stopping-
time distribution for these prompt annihilations is much
shorter than our time resolution which is about 3 nsec.
Thus our time spectra always contain a sharp peak cor-
responding to the prompt annihilations. In all spectra
presented here, we define the annihilation time as the
difference between the measured time interval and the
prompt peak (the value t = 0 thus being assigned to the
prompt peak).

Gate

stop -t ma„ i startI

good everit iiood event rc li cted retected

prompt delayed post pile-up pre pile-up

,
': ndetecle!f!

stop start 1 m» star' stop

1
I

I

no stop within inefficiency of 8 counter
the time window fake delayed event

backgrounrl

E. Spurious events

Many spurious delayed events are created by the
prompt annihilation of a second antiproton arriving
within the observation time window (50 ysec), while gen-
uine delayed annihilation amounts to only 3% of the
stopped antiprotons in liquid helium [3]. The average
interval between two successive antiprotons at a typical
beam Hux of 5 x 10 p/sec is thus comparable to our time
window and can be expected to produce these spurious
delayed events at a rate of about 25% of incoming p. It
is therefore essential to reject these events.

Figure 2 explains the different types of real and fake
events which can occur in this experiment. The upper
part shows a typical time distribution of incoming an-
tiprotons, and the middle part a sequence of observed an-
nihilation products (7r+). The lower part shows schemat-
ically the gate signal generated by the electronics, which
is started by the detection of an antiproton (B counter
hit) and stopped by the pion arrival (hit in one of the T2
counters). The length of this signal corresponds to the
annihilation time. Typical events which may occur are
listed below.

(a) Prompt event (good event): most p's annihilate im-
mediately, and prompt pions are observed.

(b) Delayed event (good event): this is an event we are
interested in. A p is detected without any prompt pion
signal, and some time later a delayed pion is observed.

(c) Postpileup event (spurious delayed event, to be re
jected): after a p without an accompanying prompt pion
was detected, the second p arrives within the time win-
dow. In this case, we cannot tell which p created an ob-
served "delayed" pion. These so-called post-pileup events
must be rejected. Most of the rejected events are from
the prompt annihilation caused by the second p.

(d) Prepileup event (to be rejected): a good event as in
(b) was detected, but within the observation time window
of 50 ps before the arrival of the p, another p is detected.
This case occurs when the first p did not make a trigger
due to computer veto, but the second did. Again, the
ambiguity of which p corresponds to the pion makes it
necessary to reject these prepileup events.

FIG. 2. Schematic diagram of the time distribution of typ-
ical events. For details see text.

(e) Event loss: a Ji arrived, but within the time window
no pion is detected. This will not be recorded.

(f) Background: after a p without prompt pion was
detected, a second p arrives at the B counter, which in-
evitably does not have 100% efficiency. A prompt pion
resulting from this second p appears to be due to a real
delayed event and is recorded. These spurious delayed
events lead to a time-independent background in the an-
nihilation time spectrum. This can only be strongly re-
duced by ensuring a high B counter efIiciency. Removal
of these spurious delayed events is a crucial element in
achieving successful detection of the delayed annihilation
of a small p fraction. In the case of our B counter the in-
efficiency for 105 MeV/c antiprotons was estimated to be
less than 0.1% from the background level for the empty
target.

There exists another source for spurious delayed an-
nihilation events, namely sr+ m p+ m e+ decays from
positive pions stopped in the vicinity of the target. Since
we have no particle identification system for the T1 coun-
ters, we cannot distinguish e+ hits from x+ hits. This
background is time-distributed according to the muon
lifetime (2.2 @sec), which lies within the time scale we
are interested in. In order to remove this background, it
is very effective to tag a multipion hit at the telescope
counters, because only an antiproton annihilation will
create more than one charged pion at the same time (the
average multiplicity of ~+ for p He reaction is approx-
imately 3). The multipion tagging will be described in
the following section.

We divided the T2 counters into 12 elements to reduce
the probability of two pions hitting the same telescope
counter (see Fig. 1). Thus a multiplicity cut can be ap-
plied without large loss of statistics.

F. Trigger condition and data acquisition

The trigger condition was as follows:

B * A + ) Tl * ) T2 p * computer busy * prepileup.
n=(U, B,D,LI ( P (abel , , =)
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where + refers to "and" and the overbar refers to "not."
The hodoscopes Hl and H2 were only used to monitor
the p stopping position. A typical trigger rate was 2 kHz

at the intensity of 10 p/sec.
Prepileup p events were rejected in the trigger level by

hardware. For the rejection of postpileup events, we took
advantage of the multiple-stop recording capability of the
TDC LeCroy Model 4208. We recorded the B-counter
TDC information as well as that &om the telescope coun-
ters. When the B-counter TDC was con&onted with mul-

tiple stops (which means a second p arrived within the
time window), the event was rejected.

For each event, the TDC information as well as the cor-
responding hit pattern showing which of the telescope or
hodoscope counters detected the particle, were recorded.
The data were acquired by a CES-Jll (PDP-11 compat-
ible CAMAC Auxiliary Controller) and were transferred
to a VAX computer station through the Kinetics K3922-
2922 Q-Bus controller using Direct Memory Access and
then written on an 8 mm VCR tape. The dead time of
the CES-Jll was typically 32 psec per event. However,
we have a 50 p,sec time gate for the prepileup window as
well as for the observation-time window, resulting in a
dead time of 100 @sec per accepted event.

III. DATA ANALY'SIS

The data analysis consisted of the following steps: (1)
postpileup rejection (prepileup events had already been
rejected); (2) adjustment of the time zero in the time
spectra of all T2 counters; and (3) selection of events
with simultaneous multipion hits.

Postpileup rejection was carried out by discarding any
event with a second hit in the beam counters' TDC spec-
tra (cf. Sec. II F). The time zero was reassigned to the
most frequent value (prompt peak) every 1000 records
on tape to eliminate electronic drifts. A time resolu-
tion of 2.3 nsec (equals FWHM of the prompt peak) was
achieved.

To select coincidence hits in the telescope counters, we
proceeded as follows: for each event, the average hit time
(t) as well as the deviation b, from (t) were calculated for
all TDC's which contained valid time information;

CUT

C4

0

0
0 4 6

Deviation Time (nsec)
10

FIG. 3. Deviation of T-counter hit timing from the average
timing in a typical run.
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Figure 4 shows the eKect of pileup rejection as well
as ) 27r and ) 3 7r tagging. In Fig. 4 (a), the raw time
spectrum is displayed. The large number of pileup events
is drastically reduced by applying postpileup rejection
[Fig. 4 (b)]. However, Fig. 4 (b) has an exponential de-
layed component with a lifetime of about 2.2 @sec. This
component is caused by x+ —+ p,+ ~ e+ decays as men-
tioned above and can be seen even in the time spectrum
with 2z tagging [Fig. 4 (c)]. It is strongly suppressed
by the 3m tagging [Fig. 4 (d)]. Therefore, a multiplicity
of three charged particles in the telescope counters was
required for the final time spectra.
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where Nh;t refers to the number of TDC channels with
valid time information.

Figure 3 shows the distribution of A in a run with
an empty target, the antiprotons then stopping in the
stainless steel target wall. Coincident T counter hits were
accepted in the ofF-line analysis only when their value 4
was smaller than 3.3 nsec. Setting this threshold at 2.25
nsec did not change the quality and shape of the time
distribution but only the statistics.

102

100
, I, I, I. . . I. . . , II, I, , IIL. . . I

0 10 20 30 40 50
Annihilation Time (p,sec)

FIG. 4. Time spectra for an empty target: (a) raw data,
(b) data after pileup rejection, (c) with additional & 2s' tag,
and (d) ) 3vr tag. For all figures, 100 nsec per channel binning
was chosen.
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IV. RESULTS

A summary of the data taken with all gas samples we
used in this experiment is given in Table III. Figure 5
shows the final time spectra for the pure-He targets, the
previous KEK results on liquid 4He [3], and the pure Ne
target. The overall shape of the time distribution of p
annihilation in helium is very similar for gases and liquid:
namely, (I) the average lifetime is of the order of 3 jjtsec,
and (2) the trapping fraction, i.e., the fraction of delayed
to prompt events, is about 3%%up. On closer inspection,
however, a systematic change in the shape of the region
immediately following the prompt peak can be seen. This
part becomes significantly steeper when going from low
pressure gas to liquid.

Figure 6 shows the time spectra of He and He at
a pressure of 3 atm, overlaid in the same figure. For
better comparison, a binning of 500 nsec per channel has
been chosen and the two spectra have been normalized to
the number of accepted antiprotons. A first observation
in these coarse binning spectra is that the shape of the
delayed part is not purely exponential. Both spectra are
bent downwards at t ) 10 @sec, suggesting the presence
of metastable states in the decay chain. Secondly, it is
clearly seen that the lifetime of He is shorter than that
of He and also that the trapping fraction is smaller.

In order to describe the spectra with a model indepen-
dent parameter, let us define a local lifetime in a purely
mathematical way. The observed annihilation time spec-
tra were described by a function such as

0
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FIG. 5. Comparison of the time spectra of (a) He gas at
3 atm and (h) 10 atm pressure with (c) data taken on liquid
He at KEK [3] and (d) Ne. Binning is 100 nsec per channel.

Note the change in the shape of time distribution immediately
following the prompt peak.

N(t) = No exp[ —f(t)] + const,

where N(t) refers to the yield and f (t) is a function of t
We can define the local lifetime (Ti, i) as follows:

(2)

The inset in Fig. 6 shows the local lifetime for typical
conditions. It is clearly seen that the time spectra deviate
significantly from a simple sum of exponential functions
which would give an increasing T~, ~.

To represent the time spectra by a single value, we
introduce the average lifetime T (to, t „),

(3)

In the case that N(t) is a single exponential function
with lifetime ~ and t

„
is large compared with tp and 7.,

T becomes equal to x. t was fixed to 50 @sec, our
observation time. The observed time spectrum decreases
steadily. Thus the region of small t has a larger weight in
T . This means that if we make tp smaller, T reBects
the behavior of the shorter lifetime components, while if
tp goes to larger values, T reveals the presence of the
longer lifetime components.

Table III summarizes the values of average lifetimes T
and trapping fraction ft, p for each experimental condi-
tion. Here, we have assigned the events in the region
t & 20 nsec as prompt and the remainder as delayed an-
nihilations. Thus the trapping fraction is

TABLE III. Summary of all gas samples with the values for average lifetime [Eq. (3)] and
trapping fraction [Eq. (4)].

Gas

He
4He

He
He
He

Ne
4He

He

Pressure

3 atm
5 atm
10 atm
2 atm
3 atm
2 atm
6 atm
6 atm

Impurity

H2 20 ppm
H2 400 ppm

(to ——100 nsec)
3.08 + 0.03
2.38 + 0.04
2.49 + 0.03
2.37 + 0.02
2.49 + 0.02

1.42 + 0.02
0.36 + 0.02

T (@sec)
(1 @sec)

3.18 + 0.04
2.70 + 0.06
2.97 + 0.04
2.62 + 0.04
2.77 + 0.03

1.99 + 0.05
1.85 + 0.34

(10 @sec)
269+044
2.35 + 0.94
2.99 + 0.56
2.58 + 0.84
2.26 + 0.58

ftrap (%)

3.3 + 0.2
3.1 + 0.2
3.0 + 0.2
2.6 + 0.2
2.6 + 0.2

3.1 + 0.2
2.8 + 0.2
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nent almost disappears. As for the trapping &action,
there seems to be no large difference among the various

He spectra, even with hydrogen impurities, which, as
we have seen, strongly inBuence the trapping time. The
trapping &action for He is nevertheless smaller than that
for He.

V. DISCUSSION
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In the present experiment, we have established a
method to observe delayed annihilation of p in the gas
target. We may summarize the implications of the ex-
perimental results as follows.

A. Similarity between gas and liquid

FIG. 6. Comparison of the local lifetimes (a) and time spec-
tra (b) of He at 3 atm and He at 3 atm pressure. To exhibit
the global structure of the Sgures, 500 nsec per channel bin-

ning was chosen. Note that the shape of the time spectra
cannot be described by a single exponential function.

N(20 nsec ( t ( 50 @sec)
rap

~ & total
(4)

For 3—10 atm pressure 4He gases, the pressure depen-
dence of the trapping &action is not large. We may note
here that at low pressure (( 500 mbar), it has been re-
ported by others that the trapping &action nevertheless
decreases [17].

Figure 7 shows the annihilation time spectra for the
He runs with various levels of hydrogen impurity. These

are normalized to the number of accepted antiprotons.
For the comparison of Fig. 6 and Fig. 7, the binning of
the time spectra was chosen to be 500 nsec. As the hy-
drogen impurity level increases, a marked change in the
long lifetime component can be observed: even at 20 ppm
H2 concentration, the lifetime changes signi6cantly. At
400 ppm impurity concentration, the long-lived compo-

We successfully observed the delayed annihilation of
antiprotons in gaseous He as well as He. The aver-

age lifetime in He gases is about 3 p,sec, which is very
similar to the value obtained earlier in liquid helium at
KEK [3]. The present observation clearly indicates two
points. (1) When the delayed annihilation of antipro-
tons was discovered at KEK, it was not clear whether it
was exclusively a characteristic of liquid helium or not.
We have now established that the phenomenon exists in
helium gas as well. (2) Contrary to our initial expecta-
tion, the time spectra and lifetimes are similar for liquid
and gas in spite of the large difference in their densities.
There is no theoretical estimate as to how strongly the
metastability is affected by surrounding helium atoms.

B. Isotope effect

The average lifetime for sHe is smaller by 15'%%up than
that for 4He (to ——1 @sec). The average lifetime depends
on to. Although the time spectrum cannot be represented
by a single parameter, the spectra for He and He are
very similar. This means that if we enlarge the time
scale for He by a suitable factor, the two spectra can
approximately coincide, as shown in Fig. 8. In this way
we can deduce an isotope ratio of the overall trapping
time by the maximum likelihood method with the value
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FIG. 7. Time spectra of pure He and He with Hq impu-
rity. Binning is 500 nsec per channel.

Tt«~( He)/Tt, ~~( He) = 1.14 + 0.03.

This result is consistent with the theoretical model by
Yamazaki and Ohtsuki [8], who on the basis of the Condo
atomic model estimate the isotope effect to be roughly

Tt, ~( He)/Tt, ~( He)= [M*(p He)/M'(p He)]

= (16/15) = 1.13,

where M* is the reduced p mass. A similar value is ob-
tained &om the calculation which adopted a molecular
approach to the pe He2+ system [9,10]. The difference
in the trapping times comes &om the difference of the
level lifetimes and the level densities which depend on
the reduced mass difference for p He and p He. The
agreement of the observed isotope ratio with the pre-



S. N. NAKAMURA et al.

10 4 He latm

0
—2

10

10

He,'3 atm

(114% prolonged)

1~ r

G

~Q

Q

~ 0
+

V

ec
j
P

0 5
=- 0.4 (p,sec i)

10 J LJA Jz zJ
5 10 15

Annihilation Time (psec)
20 25 0

I

4 6 8
l I v& ln &t,'t » Ir it l»&t it i D~ »»t v», 1()»' ('1»

10

FIG. 8. Comparison of the time spectrum for He (3 atm)
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FIG. 9. Impurity dependence of T
„

for He with H2.

diction supports the model of Condo for the metasta-
bility. However, the above estimate does not consider
the p slowing-down processes, the Auger transitions, and
the quenching effects after the metastable-state forma-
tion. To obtain a more quantitative explanation for the
isotope effect, theoretical studies of these processes are
called for.

C. Quenching by impurity atoms or molecules

The long-lived delayed component is strongly sup-
pressed by a small hydrogen contamination. Figure 9
shows the hydrogen-impurity dependence of 1/T with
to = 100 nsec. We can calculate the quenching cross sec-
tion of hydrogen under the following assumptions: (1) the
quenching takes place after the formation of metastable
states and (2) the metastable-state system is thermalized
after its formation in a time short compared with the an-
nihilation time scale and hence its velocity v is thermal.

From these assumptions, we would expect a linear de-
pendence of the annihilation rate A on the impurity den-
sity n:

A = Ao+ oqvn,

where Ao is the intrinsic decay rate of the metastable
state and uz is the quenching cross section. Here, we will
use 1/T for A.

The velocity of the pe He + system at room tempera-
ture is 1 x 10 cm/sec and that of H2 is 1.5 x 10s cm/sec.
The gradient of Fig. 9 is roughly 6 x 10 ~i cms/sec.
This means e~v = 6 x 10 cm /sec. Substituting v

by 1.5 x 10 cm/sec, we obtain cr~ 4 x 10 cm .
If we assume that the size of the pe He + system is

similar to that of the helium atom and take the size of the
hydrogen molecule to be twice that of the hydrogen atom,
we estimate the geometrical collision cross section to be
4 x 10 cm . Thus the experimental quenching cross
section is found to be the same as the geometrical cross
section. This means that a single collision with a hydro-
gen molecule destroys the metastable state completely.
There is no theoretical explanation for this effect. One
or more of the previous assumptions might not be valid.
It is an open question whether or not a small admixture
of atoms or molecules with an ionization energy different
from that of helium could change the initial (n, l) distri-
bution when a p is trapped and result in a different time
spectrum.

To understand these results fully, systematic studies
of the impurity dependence with various types of gases
and of the dependence on the helium density (tempera-
ture and pressure variation) are essential. Such experi-
ments are in progress and preliminary results have been
reported in [17,18].
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