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Negative-pion trapping by a metastable state in liquid helium
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We have found a long-lived metastable state of stopped m in liquid helium by measuring the time
spectra of two different delayed products: (i) protons emitted after m absorption by He nuclei and (ii)
70-MeV electrons originating from free m ~e v, decay. The lifetime and fraction of delayed ~ ab-

sorption obtained by using the emitted protons are 7.26+0. 12 nsec and 1.66+0.05%, respectively. The
free-decay fraction of a pion in liquid helium was obtained to be 0.64+0.03% from this result, which is
consistent with the observed free-m decay fraction. These results imply that 2.30+0.07%%uo of stopped

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

PACS number(s): 36.10.—k

I. INTRODUCTION

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

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

Condo [10] proposed a completely different interpreta-
tion, namely, that some fraction of stopped negative

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

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

II. EXPERIMENTAL SETUP

+trap observe +free ~

with constraints of

+observefdecay =ftotal
+free

(2)

In order to search for a metastable state, we measured
time spectra of delayed products from stopped ~ in
liquid helium. There are two ways of observation; one is
to observe delayed free decay, and the other is to look for
delayed nuclear absorption products. If we observe a life-
time r,t,„,„,for delayed fractions of free decay (fd„,„)
and of nuclear absorption (f,t„),the lifetime of the trap-
ping state is deduced from
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+observefabs =ftotal
trap

(3)

ftotal
=fdecay +fabs (4)

In the case of ~„a& ~f„,the decay dominates, while for
'Tt

p
& 7 f the absorption dominates. Thus, it is impor-

tant to measure both channels.
Nearly 100% of pions decay freely to muons, but this

muon has a kinetic energy of only 4 MeV, and its range
in liquid helium is only a few millimeters. Thus, it is not
easy to detect p directly. So, we decided to measure the
decay mode of ~ ~e v, . This electron has 70-MeV en-

ergy and can escape a liquid target. On the other hand,
since this is a rare-decay model (branching ratio equals
1.22 X 10 },it is difficult to collect enough statistics with
a good signal-to-background ratio. As for nucleus ab-
sorption products, we measured protons from m absorp-
tion by He. In this case, a delayed component as well as
a prompt component will be revealed in the time spec-
trum of protons from which the delayed fraction can be
obtained directly.

The experiment was carried out at the TRIUMF M13
pion-beam line. The experimental setup is shown in Fig.
1. The incoming pion momentum was 100 MeV/c and its
intensity was 5 X 10 yr /sec. Incoming m were stopped
in a cylindrical liquid-helium target (23-cm diameter and
31-cm length). They were detected by two scintillation
counters (Bl and B2) and a Lucite Cerenkov counter
(Cz} located in the beam. The timing and pulse-height
information from these counters were used for particle
identification. Beam particles which passed through the
target were detected by a large veto counter (Al}. The
energy spectra of outgoing electrons and protons from
stopped pions were measured by a large NaI(T1) spec-
trometer (TINA) of 46-cm diameter and 51-cm length. It

was used at TRIUMF for the precise determination of
the branching ratio of yr+ +—e+v, process [12]. It was lo-
cated at 90' with respect to the beam. For particle
identification and timing measurements of outgoing parti-
cles, two scintillation counters (Tl and T2) and one Lu-
cite Cerenkov counter (CT) were placed in front of
TINA.

The tracks of incoming and outgoing particles were
measured to reconstruct the stopping position of a m. in
the target using beam-line multiwire proportional
chambers (MWPC) (BCl, BC2) and telescope MWPC's
(PC1 —PC4). This information was used not only for fidu-
cial cuts but also for calculating the flight time of m. un-
til stopping [T(B1-stop}]and the ffight time of the outgo-
ing particle from the vertex to the Tl counter [T(stop-
Tl)]. We can calculate T(B1-stop) from the pion range,
T(stop-Tl) from the yr stopping position, and the energy
of the outgoing particle measured by TINA.

We can obtain a trapping time of yr (T„,~) for each
event as follows:

T„,=T(B1-Tl}—T(B1-stop) —T(stop-T1},

where T(B1-Tl) is a time difference between the Bl hit
and Tl hit. The time spectrum of T|B1-Tl) was mea-
sured by using a LeCroy 2228 time-to-digit converter
(TDC) in the range from —50 to 200 nsec.

The trigger condition necessary for data acquisition
was as follows:

trigger =B1 B2.A1 T1 T2.computer veto .

All data were acquired by a PDP-11-compatible
computer-automated measurement-and-control (CA-
MAC) module (CES-Jl 1). A CAMAC-VAX interface
(K3922-K2922) transferred the data obtained by CES-Jl 1
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FIG. 1. A schematic figure of the experiment setup. TINA labels a large NaI(T1) spectrometer; BC and PC denote MWPC's; C
'V

denotes Lucite Cerenkov counter; B and T denote scintillation counters; and A1 is a veto counter.
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to a VAX station II. They were recorded on an 8-mm
VCR tape. The typical event rate was about 280
events/sec.

Data were also taken with ~+ beam in the same condi-
tions, which provided a sample of capture free-decays.
Positrons from free decay (vr+ ~e+v, ) were used to nor-
malize the acceptance for electrons from ~ ~e v„in-
cluding the solid angle and the off-line analysis
efficiencies. At the same time, we can calibrate the ener-

gy scale of TINA using the 70-MeV monochromatic posi-
trons.

The data were taken for 200 h of m and for 10 h of
In addition, a similar measurement for liquid neon

was performed for 30 h.

III. DATA ANALYSIS

A. Incoming m. identification

The incoming beam is synchronized with the rf timing
of the cyclotron. Therefore, the rf timing represents the
time when the secondary particles are created at the pro-
duction target. The time between the rf timing and the
particle arrival at the 81 counter corresponds to the time
of flight (TOF) of the particles.

The velocities of 100 MeV/c m and p are 0.58 and
0.67 of the speed of light, respectively. The distance be-
tween the production target and the B1 counter was
about 10 m. Hence, the difference of TOF between m

and p was about 8 nsec. They are easily separated in an
off-line analysis. Figure 2 shows the TOF difference and
pulse height of the B1 counter. When two particles come
in the same rf packet, the pulse height would be doubled.
Thus, pileup events were rejected even when two particles
belong to the same rf packet. The central part enclosed
by the lines was chosen to reject p, e and multi-vr
events. This procedure reduced the p contamination to
be less than 0.11%.

B. Outgoing particle selection

The energy deposit in the T1 counter was used to dis-
tinguish electrons from protons. The top figure of Fig. 3
shows the energy distribution in the T1 counter. Protons
and electrons are well separated. The bottom figure of
Fig. 3 shows similar distribution for the events which had
energy greater than 50 MeV. As seen in Fig. 3 (bottom),
e+e pairs created by high-energy y rays originating
from the radiative ~ -capture process (~ +He~y+X;
branching ratio 1.5%) are also observed. They formed
the background in the high-energy region for the obser-
vation of 70-MeV electrons. We excluded events in this
region.

C. Determination of the ~ stopping point

We had two MWPC's (BCl, BC2) to determine the
track of an incoming pion. In addition, we had four
MWPC's (PC1-PC4) to determine the track on an out-
going particle, which was obtained by the least-squares
fitting of positions in the MWPC's.

Events which had vertices more than 35 mm from the
wa11 of the target were accepted. The vertex resolution is
better than 20 min (rms) for outgoing e . Use of this
fiducial cut rejected more than 90% of the events arising
from interactions in the wall.

D. Energy-loss correction

The charged particles which passed through the target
material lose energy. A correction has to be applied to
the energy measured by TINA to get the original energy.
We corrected their energy deposit in material using ver-
tex information from MWPC's.

E. Pileup rejection

In order to obtain a genuine time spectrum in our time
window (200 nsec) we have to correct for pre- and post-
pileup events which would distort the time spectrum. If
another pion comes into the target within the time win-
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dow, we cannot identify which pion produced the outgo-
ing particle. This is avoided by discarding any event
which had additional hits within a time range of 1 psec
before or 200 nsec after a pion struck the B1 counter.
The same pileup rejection was done for the outgoing par-
ticles as well.

A similar pileup rejection was applied to the TINA en-

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

events may involve ambiguity. Using Monte Carlo simu-
lation, the prompt fraction caused by the in-flight reac-
tions was estimated to be less than 0.01%, which we can
safely neglect.

Using these values in Eqs. (2) and (3), we obtained the
free-decay fraction

f (1 66+0 05% )10.06+0.22nsec
26.03 nsec

=0.64+0.03% .

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

B. 70-MeV electron time spectrum

IV. RESULTS FOR HELIUM DATA

A. Proton time spectrum

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

r 2

N(t) = A exp ——+B exp I

Figure 5 shows an energy spectrum for the delayed
electrons (2 & T„,~

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

'2

N(t)= A exp —— +B exp r
(A =0 when t &0),

+C exp

2

P

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

The observed lifetime of the delayed component was
'T b „=7.26+0. 12 nsec. Using Eq. (1) with rr„,=26.03
nsec we obtain ~„,=10.06+0.22 nsec. The ratio of the
delayed events to the prompt gives f, , =bi. 66&0.05%,
where the error is purely statistical.

If an in-flight reaction occurs, the number of prompt

(A =0 when t &0) .

This function is similar to that of protons, except for the

p component. The observed lifetime of the delayed
component was ~,b„,„,=7.2+1.4 nsec. The free-decay
fraction (fd„,„)was obtained as follows by comparing
with the m. + data, where 100% of stopped m. + in material
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are free from nuclear absorption:

70-Mev e stopped ~/X
«~y N /N70-Mev e stopped ~

where %70M v + and N + are the numbers of e+—
70-Mev e- stopped m-

frorn free decay and of stopped ~—+ in the target, respec-
tively. The free-decay fraction of stopped ~ in liquid
helium was obtained as f&„,„=0.93+0.35%. A rather
large error was caused by low statistics and large back-
ground from the radiative m. -capture process. This re-
sult is consistent with the result obtained from the emit-
ted protons.

V. RESULTS FOR NEON DATA

The same analysis was performed on data from stopped
in liquid neon. Figure 7 is a trapping-time spectrum

obtained by emitted protons. In this time spectrum, we
observe no delayed component. (One event at t -20 nsec
is consistent with background level. ) Figure 8 shows an
energy spectrum of delayed electrons, where we observe
no 70-MeV electrons which would be indicative of trap-
ping.
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We obtain an upper limit of the free-decay fraction
(f~„,„)of m. in liquid neon. The m+ data were used for
normalization. This result can be translated into an
upper limit of the trapping fraction (f«,» ) using Eq. (2).

As for proton data, we can obtain an even more
stringent upper limit for the trapping fraction by substi-
tuting the number of observed prompt events (2.9 X 10 )

for N „~,in the following equations (the factor of 2.3 is
inserted to assure a 90% confidence level in Poisson dis-
tribution):

~trapftotal 7

+observe

where

40
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4
dt
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„
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+observe ~observe
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FIG. 9. Upper limit of a ~ trapping fraction in liquid neon

as a function of trapping time.
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observe ) ( +trap ) + ( free )

Figure 9 shows an upper limit of the ~ trapping fraction
with a 90%%uo confidence level in liquid neon as a function
of the lifetime of the metastable state (r„,).

VI. DISCUSSIONS
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We have observed delayed nuclear absorption and free
decay of m in liquid helium. The present result demon-
strates that the trapping hypothesis is correct not only
for E and p but also for tr . Condo [10] asserted that
the (m e-a-) system accommodates metastable states
when a ~ ejects one electron from a helium atom and
occupies a circular orbital of large n. This idea was ex-
tended theoretically by Russell who calculated the life-
time of a (X e-u)-system where X is a negative had-
ron (Jt. , n, or P) [13]. For the antiproton, more recent
calculations by Ahlrichs et t21. [14] and by Yamazaki and
Ohtsuki [15]are available.

Experimental data on trapping states of negative had-
rons in liquid helium are summarized in Fig. 10 (m

(present work); K [1—3];p [11]).
The antiproton data could not be fitted by a single ex-

ponential function, so Iwasaki et al. [11] fitted it by as-
suming four delayed components. The present m. data
show a single exponential decay. The dashed lines in Fig.
10 represent the lifetimes of free negative hadrons. The
present observation that the trapping lifetime of m. is
shorter than those of E and p is consistent with the
Condo-Russell scenario, where a proportionality of the
trapping lifetime to the square of the reduced mass is ex-
pected [15].

The Condo-Russell scenario can explain a tendency for
the lifetime to increase as the negative hadron becomes
heavier. However, it cannot quantitatively account for
the time distribution shape, lifetime, or trapping fraction.
Complete understanding of these trapping phenomena
will require detailed knowledge concerning the formation
of metastable states and their collisional excitation and
deexcitation. The trapping time strongly depends on the
initial state into which the negative hadron is captured.
It is also important to examine whether the same phe-
nomena occur when the physical conditions (density,
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t54
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FIG. 10. The observed trapping times of negative hadrons in

liquid helium vs the reduced mass of a negative hadronic helium
atom. The dashed lines represent the lifetime of free negative
hadrons.

temperature, etc.) are changed. In particular, it is impor-
tant to stop negative hadrons in less dense media where
the atomic distance is large. From this viewpoint, experi-
ments with antiprotons are very attractive, because an-
tiprotons are stable particles and there is no limitation on
the observable time window. Furthermore, antiprotons
are available as a low-energy beam and can be stopped in
gas. Extensive experiments on various phases of gaseous
helium are being planned.
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