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Abstract

Systematic studies of the phase and density dependence of the delayed annihilation
time spectra of antiprotons (DATS) in gaseous, liquid and solid helium have been
performed using the Low Energy Antiproton Ring (LEAR) at CERN. The results
show a small but significant dependence of DATS on the phase and density of the
helium medium. The average lifetime of antiprotons (7},) in gas at 10-30 K was found
to be 4.03 £+ 0.02 us. In liquid helium 7T,, decreases with density from 3.0 us at 1 bar
to 2.5 us at 60 bar, while in solid helium its value is 2.14 £ 0.03 us, 20 % shorter than
that in liquid helium of the same density. There is no change of DATS between normal
1-bar liquid and superfluid helium. An isotope effect between *He and 2He similar to
the one previously observed in the gas phase has also been found for liquid helium. All
the data can be fitted fairly well with a simple three-level chain decay model which
describes the general structure of DATS, characterized by downward curving behavior
on a logarithmic scale at later times and by the presence of a short-lived component.
No delayed annihilation was observed in lithium.
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1 Introduction

Metastable antiprotonic helium atoms were first discovered in an experiment at
KEK in 1991 [1] when about 3% of antiprotons stopped in liquid helium were found to
survive for an average lifetime of about 3 ps. Similar, but much shorter-lived metastable
states had been found for K~ [2] and #~ [3] in liquid helium. No evidence for metastable
states in liquid nitrogen or argon has been found.

The observed longevity is in contradiction to the common belief that negatively
charged hadrons stopped in matter are immediately (i.e., within 107'%s) captured by the
nucleus. The metastability can be attributed to the formation of long-lived states in exotic
helium atoms pe~He** (=pHe™). The antiproton (p) is expected to be bound in one of
the nearly “circular” states, i.e., states with large principal quantum number n & ny =
\/ M*/m., (M* being the reduced mass, and m. the mass of the electron), and large orbital
angular momentum [ ~ ng — 1. In this region, since the level spacings (= 2 eV) are much
smaller than the ionization energy (/& 25 eV for helium), fast Auger transitions with a
small change of [ are energetically impossible, while the radiative transitions proceed very
slowly. Also, the presence of the electron and the resulting neutrality of the exotic atom
removes the degeneracy of different-[ states for the same n and helps suppress deexcitation
via Stark mixing.

This model was first suggested by Condo [4] to explain the anomalous free-decay
fractions of 7~ and K~ observed in liquid helium bubble chambers and later extended by
Russell [5], who also discussed the case of antiprotons (for historical accounts, see [6]).
The energy levels and radiative rates have been calculated recently on the basis of this
pHe't atomic model using a configuration mixing approach [7] as well as a molecular ap-
proach [8, 9, 10]. The results of the calculations are mutually consistent and give typical
single-level lifetimes in the 1-2 us range. Obviously, however, these are not the total decay
rates of individual states because of the competing Auger processes, nor are they directly
connected to the survival time. It is shown in a recent calculation of Ohtsuki [11, 12]
that only those states which can proceed to lower-lying ionized states (pHe?*) via Al < 3
Auger emission are short lived (lifetime shorter than 10 ns), while the others are radiation
dominated long-lived states. Thus, the (n,[) energy level diagram is divided into a meta-
stable zone and a short-lived zone, as shown in [7, 13]. Recent laser resonance experiments
[14, 15] have confirmed these calculations of the overall structure of metastable states of
this pHe™ atom and its Auger-dominated short-lived states.

Observed delayed annihilation time spectra of antiprotons (DATS) are in general
the results of cumulative effects of series of metastable cascades, and thus involve not only
the single-level decay rates but also their initial populations and subsequent quenching
processes by atoms of the surrounding medium. These features cannot be separately
understood just by examining the shape of the DATS. On the other hand, the calculations
are only valid for the structure of an isolated atom and do not take into account either
the initial formation process or interactions with the atoms in the surrounding medium.
If there is a cascade of several transitions before the p reaches a state from which it is
captured by the nucleus and if furthermore there is no collisional quenching effect, the
single-level lifetimes of 1-2 us should result in a much longer trapping time than the
observed 3 pus.

This discrepancy prompted us to measure the DATS of p in gaseous helium; the
collision rate with other helium atoms is reduced, so that we might expected a significant
increase of the trapping time in gaseous helium. On the contrary, the first experiments



performed at the Low Energy Antiproton Ring (LEAR) at CERN [13, 16] showed only
slight changes in the trapping time between liquid and room-temperature helium gas.

In the present paper we report on systematic studies of the phase and density
dependence of DATS using the antiproton beam from LEAR, extending our measurements
to low temperature *He gas, high pressure liquid *He and ®He, and solid *He. Section
IT describes the experimental setup including the various cryogenic targets, section 111
describes briefly the data analysis procedure, and section IV gives the experimental results,
which are discussed in section V. In Section VI we give the conclusions we draw from the
experiments.

2 Experimental Setup

In this paper we describe measurements of DATS in helium media under the fol-
lowing conditions:

1. low temperature *He gas at 7' = 10 to 40 K and p = 1 bar.
2. liquid *He at 7' = 1.5 to 3.5 K and p = 1 to 60 bar.

3. liquid *He at T' = 2.5 K and p = 1 to 30 bar.

4. solid *He at 7' = 1.5 K and p = 50.5 bar.

Our method of measuring DATS in gaseous helium at LEAR has already been
described elsewhere in great detail [16]. The experiments reported here were performed
at the C1 beam line of LEAR, using a p beam of momentum p = 200 MeV/c (kinetic
energy T' = 21.1 MeV). This beam momentum made it easier to perform experiments on
solid and high pressure liquid helium than was the case with our previous 100 MeV/c
beam because we could use thicker beam counters and windows. The target vessels were
big enough to accommodate the concomitant disadvantages of longer range straggling in
the low density gas targets and larger angular spread of the antiprotons in the degraders
and windows.

The setup as shown in Fig. 1 is very similar the one described in [16], except that
the scintillators were placed vertically to allow the installation of cryostats for the low
temperature measurements. The antiprotons left the beam line through a 100 gm thick
Be window and entered our target chamber after passing through a 1 mm thick plastic
scintillation counter (B) of 10 mm diameter (18 cm downstream of the Be window). The B
counter was read out by two PM tubes operated in coincidence. An additional ring-shaped
counter (A), which served as a veto counter as well as a monitor of the incoming beam
halo, was placed about 1 c¢m upstream of B. The targets and the detectors for charged
annihilation products (mainly pions) were placed just downstream of the beam counters.
The outgoing 7% were detected by the same 4 sets of plastic scintillator telescopes used
in previous experiments [16]. Each consisted of one inner (7'1;, ¢ = A,B,C,D in Fig. 1)
and three outer arrays (72;;, j = a,b,c) covering a solid angle of 0.8 7 and was divided
into 12 elements to reduce the probability of two or more pions hitting the same telescope
counter. This was necessary to reduce the background which is caused by 7+ — put — et
decay from pions stopped in the vicinity of the target chamber. These give a background
with a lifetime of 2.2 us, which lies within the time scale of interest. In order to reduce
this background, it was found to be very effective to tag multi-pion hits in the telescope
counters [16].

2.1 Low Temperature Gas Target
To provide gas samples at temperatures between 10 K and 40 K, we used a helium-
flow cryostat specially designed for this purpose (Fig. 2). The horizontal cylindrical target



chamber had 6 cm diameter and 18 cm length. It was surrounded by an outer cylindri-
cal chamber through which cold helium gas flowed, this being produced by vaporizing
some of the liquid supplied from the liquid helium reservoir through a needle valve. The
temperature of the cooling gas was controlled by a heater located close to the vaporizer
at the entrance of the outer chamber. The p entered the target chamber through two
Kapton windows of 50 pm thickness and 2 cm diameter. One was located at the vacuum
layer, and the other one at the target chamber. An additional Kapton degrader of 2 mm
thickness was necessary. This was placed outside the vacuum, which caused a fraction of
the p to stop outside the target chamber window due to multiple scattering. The typical
range distribution of stopped p was about 3 cm FWHM in 1 bar and 10 K gas, and the
transverse size was about 2 cm FWHM.

The inner target chamber was filled with research grade (impurity content < 1 ppm)
‘He gas from a gas bottle through standard quick coupling vacuum bellows with rubber
seals. No effort was made to bake the gas handling system, since we expected all possible
impurities to be frozen out at temperatures well below liquid nitrogen temperature. The
cryostat construction limited the pressure of the target cell to 1 bar.

2.2 Cryostat for Liquid and Solid Helium

Another cryostat was made for producing liquid and solid helium. In this case the
helium target size was 12 mm in diameter and 11 mm in length; the total amount of target
material was about 0.1 mole. The target chamber was made of copper with a Cu-Be alloy
beam window of 12 mm diameter and 0.49 mm thickness. The window was sealed by
an indium wire and was able to withstand more than 90 bar pressure at liquid helium
temperature. The target chamber was surrounded by two copper walls at 4.2 K and 77 K
acting as radiation shields (see Fig. 3). Antiprotons were introduced into the liquid or
solid helium through four thin windows: a 120 pm thick Kapton foil window at room
temperature, a 50 pm thick aluminized Mylar foil window at 77 K, a 20 pm copper foil
at 4.2 K, and the 0.49 mm thick Cu-Be window of the target chamber. As with the low
temperature gas cryostat, a small fraction of the antiproton beam fell outside the entrance
window and therefore stopped in the walls of the target vessel.

Helium gas was introduced into the target chamber through a stainless steel tube
(OD 2.0 mm and ID 1.4 mm) and was liquefied at the target chamber or solidified there by
pressurizing it in a conventional way by using a dip-stick which contained about 6 grams
of activated-charcoal and was able to absorb about 0.16 mole of helium when the dip-
stick was immersed into liquid helium. The gas handling system is schematically shown in
Fig. 4. Temperatures between 1.5 K and 4.2 K were achieved by pumping and introducing
liquid helium into the 1 K “cold pot” through a flow impedance (Fig. 3).

3 Data Reduction and Analysis

The electronics and data taking procedure have been described in great detail in a
previous publication [16]. We measured the time difference between an incoming antipro-
ton (B counter hit) and an outgoing annihilation product (a hit in at least one of the
12 telescope elements). We took separate time spectra for each counter, so that in the
analysis we could select multi-pion hits to discriminate the background of 7+ — ut — et
decays mentioned above. In a previous analysis [16] we selected events where at least 3
pions were detected within a time window of 3.3 ns (referred to as multiplicity > 3, or
M3 events) to obtain the final time spectra. This method, however, leads to a significant
decrease of statistics. In the present analysis, we chose a different approach, taking data



with an empty target for each experimental setup (low temperature gas or liquid/solid
helium) and subtracting the M2 (multiplicity > 2) spectra (normalized to the same to-
tal counts) from the spectra with helium in the target to obtain time spectra without
7t — ut — et decay background.

Before doing this we had to correct the M2 time spectra (cf. Fig. 5b) for a time-
independent background arising from the inefficiency of the beam counter, which failed
to detect a small fraction of "second” p following a given p within our 50 us observation
time “window” (see [16]). The level of this background depends on the threshold of the
discriminator on the B counter, the beam alignment, and the p intensity. It was defined
as the average count per bin in the range 25 ps < t < 45 ps and subtracted for each
run separately. Fig. 5c shows the spectrum of Fig. 5b after subtraction of this constant
background. Fig. 5d presents the remaining spectrum after subtraction of the histogram
of the empty run (Fig. 5a). Due to the subtraction, Fig. 5d no longer shows a prompt
peak.

All spectra presented in this paper have been treated in this manner. In addition
they have been normalized to one to allow for direct comparison of spectra taken under
different conditions and with different statistics.

4 Experimental Results

Tables 1 and 2 give an overview of the experimental conditions and results for low
temperature *He gas, liquid and solid *He and liquid ®*He. The table gives the temperature
and pressure of the medium as well as the molar volume V., and the number density
p at each condition. The number density was chosen as a parameter which represents
the effect of collisions. For low temperature gas measurements, experimental data for the
second virial coefficient [17] were used to calculate V1, although above T = 10 K the
difference from using the ideal-gas-equation is smaller than the uncertainties in measuring
and stabilizing the pressure and temperature inside the cryostat. For liquid *He and *He
the values were taken from experimental data [18]. Typical spectra (obtained in the way
previously described) corresponding to different conditions are shown in Figs. 6 to 7. We
chose a binning of 100 ns for these displays, though the intrinsic time resolution of our
time spectra is 3 ns.

The average lifetime T,, used to characterize the spectra N(t) was calculated as
follows:

fmas ¢ N ($)dt
Tow(to) = f’fot (t) — o, (1)
fto’"” N(t)dt

where t,,,, was fixed at 25 us. Both T,,(150 ns) and T,,(1 us) are presented in Tables 1
and 2. Hereafter, T}, without specified ¢y is the one for ¢ty = 1 us.

The tables do not give any values for the trapping fraction, since the high beam
momentum and the small diameters of the windows required by the high pressure of the
targets caused a significant fraction of the particles to stop in the surrounding material.

Fig. 6 shows the DATS in helium gas obtained below 40 K plotted logarithmically.
They show the longest lifetime observed so far (7,, &~ 4us). The bending-down behavior
at times ¢t > 10 ps, which was already found in previous measurements with room tem-
perature helium gas [16], is seen very clearly. This behavior cannot be given by a simple
sum of exponentials and suggests a sequential decay of metastable states.

The spectra for low temperature gas differ in one feature from the spectra under
all other conditions: almost no fast-decaying component is visible below 30 K. At 40 K,
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however, there was some indication of a very fast component, while at temperatures of
50 K and above the time spectrum changed drastically showing a mean lifetime of only
a few hundred nanoseconds. This is most probably due to some impurity which started
to evaporate around 50 K ( both oxygen and nitrogen have considerable vapour pressures
in this temperature range [19], and hydrogen liquefies only at 20.4 K). The presence of a
small quantity of impurities inside the target chamber cannot be excluded, since we were
not able to bake it in situ. We therefore use only the data below 30 K for the following
discussions.

Fig. 7 shows typical DATS of liquid and solid *He at different pressures. The spectra
have a short-lived component, and at higher pressure an almost straight exponential
behavior at later times. Since the temperature is always below 5 K, no impurities can be
present, and the presence of the short-lived component as well as the shorter T,, must be
a pressure-related effect.

We have also measured DATS in solid Li metal, LiH and LiF. Typical data are
shown in Fig. 8. No delayed component was found for any of the Li targets, the upper
limit of the delayed fraction being 0.015 %, which is the same value we obtain for runs
with an empty target chamber.

5 Discussions
5.1 Phase and Density Dependence
From the present systematic studies we have obtained the following results.

5.1.1 Gas Phase

DATS in low temperature gas at 10-30K show the longest Ty, of 4.03 £ 0.02 pus.
In this range there is no change of DATS at different densities. They are characterized
by a downward bending in InN(?) vs t at later times as well as by the absence of a
fast decaying component, whereas the previous DATS taken in room temperature gas
and in liquid helium always showed fast decaying components and shorter T,, (around
3 ws). The absence of short-lived components at low temperatures indicates that there
is no short-lived state of this life-time range (~ 0.3 ps) that is populated directly; the
states that are populated are either long lived (lifetime ~ 1-2 us) or Auger dominated
(lifetime < 10 ns). Thus, the fast decaying component as well as the shorter average
lifetime in room temperature gas may be attributed either to a higher temperature effect
or to uncontrolled small impurity levels in the gas; the fast decaying component observed
in room temperature gas is thus essentially different in origin from that in liquid and solid
phases, as shown below.

5.1.2 Liquid Phase

We have obtained DATS for liquid *He and “He over a wide range of pressures
and densities. The DATS in liquid are generally composed of a fast-decaying component
(time constant ~ 0.2 us) and a long-lived component (time constant ~ 2.5 us). The T,
is substantially shorter than in low temperature gas and decreases slowly with increasing
density, as shown in Fig. 9 . All the liquid data can be represented by

YT = 1/TO +a-p, (2)

where T is the zero-density limit and « is a density coefficient. The best fitted values are

T = 4.4540.27 s for *He and T©) = 6.3240.83 us for *He and a = (5.8240.64) - 107



cm?/us for *He and a = (1.19 £ 0.11) - 1072 ¢m?/pus for *He. The T,,(1 us) in liquid *He
is systematically longer than that in liquid *He. The values at the same density, as shown
in Table 3, reveal an isotope dependence of the trapping time: the ratio of about 1.13 is
close to the value observed in gas phase [13].

The reduced T}, in liquid can be ascribed to the much higher density of the latter.
The small linear density dependence of T,,(1 us) in liquid phase seems to be consistent
with this view. On the contrary, the situation in the fast decaying component may be
different, as will be discussed later.

No difference was observed between the normal liquid phase at 1 bar and the su-
perfluid phase.

5.1.3 Solid Phase

The DATS in solid helium shows a shape similar to that in liquid (see Fig. 7 d), but
a close look at T,, reveals a small but significant difference; the T,, in solid (2.14 4+ 0.03
ps) is definitely shorter than that in liquid at the same density (2.54+40.04 ps). In Table 4
we compare the T,, values of solid and liquid helium, 6 different points in liquid phase
having been used to give a combined interpolated value at the solid helium density. This
20 % effect looks striking in view of the small density dependence in liquid; the T}, in solid
helium would correspond to a value in fictitious liquid of a very high density, 2-3 times
the value at 1 bar (at enormously high pressure). The effect may require an explanation
in terms of the phase change; the interaction of the pHet atom with surrounding helium
atoms is different in the solid and liquid phases.

5.2 Chain Decay Model

A careful look at the DATS suggests that T;, is not the best parameter to describe
their shape in detail, since they are not single exponentials; all except those for low-
temperature gas exhibit a fast component of varying steepness followed by a downward-
bending long-lived component. We therefore tried to find a more suitable function which
can be fitted to the data, based on a simplified chain decay model. The following pro-
cedures can be justified in view of the selection rule (more appropriately, a propensity
rule) of An = Al = —1 for the radiative transitions [7, 9]; namely, a state (n,l) decays
predominately to a state (n — 1,/ — 1), and so on. The entire DATS is then a superposi-
tion of mutually independent partial sequences to which a quantum number (radial node
number or vibrational quantum number), v = n — [ — 1, can be assigned (v = 0 for the
circular sequence [ = n — 1, v = 1 for the next circular sequence, etc). Since we cannot
discriminate the partial sequences by the shape of DATS alone, we try to approximate
the ensemble of partial sequences by just one representative sequence. The parameters
(populations and decay rates) to be deduced from such a procedure can be interpreted as
in some sense an average over the ensemble of partial sequences.

The simplest assumption would be a sequence of two levels with decay rates A; and
Ag; the first level feeds the second, from which the p proceeds to a Auger-dominated state
followed by an Auger transition and subsequent nuclear capture and annihilation (see

Fig. 10a). The rate equations for the time-dependent populations, for the levels 1 and 2,
Ni(t) and Ny(t), are:

dN,

2N N

dt L (3)
dN,

2 AN, = M N, 4
i 141 21Vg ()



We assume that p annihilation takes place only from level 2 (i.e. we fit A2 Ny to our data).

The solution for Ny(?) is

)\1 )\1

No(t) = Na(0) = exp(=Xit) + (No(0) = Mi(0) 3"

) exp(—Aat)

where N;(0) is the initial population of p for the level 1.

The resulting spectrum is a sum of two exponentials. In fact, the two-level model
fits the data of solid helium better than the three-level model to be described hereafter
(lower right part of Fig. 11). A fit to the data of such a simple function (dashed lines in
Fig. 11), however, does not always give the best fit to the downward bending behavior,
especially if the spectrum contains a fast component.

A model which can account for both the downward bending observed in the time
spectra and the fast component can easily be created by adding one level in the decay
chain, as shown in Fig. 10b. For this case the rate equations are (Ny(t), Na(t), Ns(t)
denote the populations and Ay, Az, A3 the decay rates, respectively):

AN,
—L = _\N

di i (5)
AN,

—2 = MNN;— XN

dt 14V1 24V2 (6)
dN.

d—t:” ANy — A3 N . (7)

Again we assume that p annihilation takes place only from level 3, i.e., we fit A3 N5 to our
data. The solution for N5 is:

AL A
(A2 = A)(As — A1)

b (20— M0 ) e

AL A
(A2 = A)(As — A1)

Since 6 free parameters are too many to obtain a consistent set of fit results in our

Ns(t) = Ni(0)

exp(—A1t)

+ [NB(O) — N (0) _ (NQ(O) — N (0) AQA_I Al) ASA_Z AZ] exp(—Aat)

case, we made the rather drastic assumption that the 3 levels are equally populated at
t =0, ie., Ni(0) = N»(0) = N3(0). This assumption allows us to reduce the number of
free parameters to 3 (plus overall normalization), i.e., the same as in the 2-component
exponential case.

We then found that we can successfully fit all the pure helium data using this
function, and also found that in most cases A\ ~ A;. This observation motivated us to
reduce even further the number of free parameters. By setting Ay = Az, N5(¢) becomes:

Ns(t) = (—Nl(o)ﬁ + Nl(o)/\;_ftAl + Nz(o)/\gA—lAl) exp(—Ait)
+ (N3(0) + Nl(())ﬁ — Ny (0) )\3)\_1)\1) exp(—Ast)

As stated above, we set N1(0) = N3(0) = N5(0) when we fit the data. Note that the

second term (proportional to texp(—Ait)) is the growth-decay component.



Fig. 11 shows the results of a logarithmic likelihood fit of this function to a wide
variety of data, from low-temperature gas to solid. The quality of fitting is excellent for
low-density data, but is somewhat poorer for solid and high-pressure liquid. However, it
is remarkable that such a simple function can fit all the data so well.

In Fig. 9 b,c, the two decay rates Ay and A3 are plotted against the density for
all our data on pure helium. The Ay represents the slow lifetime component, and shows
an almost linear density dependence similar to the dependence of T ;!(1us) in the liquid
phase (Fig. 9 a). Here again, the A; value in solid is significantly larger than that in liquid
at the same density, as shown in Table 4. The values for liquid *He lie systematically
above the ones of liquid *He.

For A3, the fast lifetime component, the situation is different. The values for low-
temperature gas are very small, reflecting the absence of a visible fast component in those
spectra (Fig. 9 ). For liquid helium, the values are fairly constant. The data of liquid *He
lie far below those of liquid and solid *He indicating a significant difference in the fast
component between the two isotopes.

5.3 Chain Decay Model with Destruction Channel

To improve the fitting and to include a mechanism which depends on collisions with
other atoms, we added to the previous model a channel to immediate annihilation from
levels 1 and 2 (e.g. to describe collisional destruction of the metastability), as shown in
Fig. 10 c. The rate equations then become (setting for simplicity that A4 = X' = A\ be
the decay rate to immediate annihilation):

— = =AN = AN

dt 14¥1 1 (8)
dN.

d—t2 — )\1N1 —)\QNQ—)\ANQ (9)
dN.

d—t:” ANy — AsNs (10)

Now we have two more annihilation channels, so we fit AsNs + A Ny + A N, to our
data. With this model we obtained a somewhat improved fit to the data, but the results
for the decay rates did not give a consistent picture for the density dependence of A4,

5.4 Isotope Effect

In our first measurements of room temperature gas at LEAR [13, 16] we reported an
isotope effect of the p trapping time: the time scale of the *He and *He gas spectra differ
by 14£3 %. For liquid helium similar effects have been seen. As already mentioned in the
previous sections, Ty,, Ay and A3 differ significantly for the two isotopes. Table 3 gives
the average ratio for 3 points taken at almost the same density. The result for gaseous
helium reported before [13] is shown for comparison. The ratio of the slow lifetime com-
ponent, Ty, (1ps) and Ay, are 1.164+0.02 and 1.11+0.02, respectively. Another procedure
for comparing between *He and *He is to deduce the ratio of the trapping times T, by
enlarging the time scale of *He. Here the time scale of the *He spectra has been stretched
as described in [16] until it matches the *He spectra. Both procedures yield the same
isotope ratio as shown in the last column of table 3.



6 Conclusions

In summary, we measured the delayed annihilation time spectra of antiprotons in
various states of helium, from low temperature *He gas, high pressure liquid *He and ®He
to solid *He over a wide range of densities and obtained average lifetimes systematically.
All spectra can be fairly well fitted with a simple three level chain decay model. In spite of
the many simplifying assumptions this model is able to reproduce the downward curved
structure of the semilogarithmic spectra.

The low temperature gas shows the longest lifetime observed so far. The average
lifetime as well as the slow component A\; of the fit model in gas and liquid exhibit a
significant density dependence. This dependence, however, is very weak compared to the
very large density difference between 10 K gas and liquid. The pHe™ system seems to be
quite insensitive to the presence of surrounding helium atoms, in sharp contrast to the
strong effect observed previously of small quantities of hydrogen and other impurities.

The average decay rate as well as A; in solid *He was, however, found to be signifi-
cantly larger (by ~ 20 %) than it was in liquid *He of the same density. This observation
raises an interesting question about the effect of the local environment on our pHe™ atom.

There is a marked difference in the fast component between low temperature gas
and liquid/solid *He. The DATS in gas phase show no fast component and the deduced
A3 value for gas is very small compared with those in liquid; the data points show too
big a jump to be connected smoothly between gas and liquid. The As-values for *He are
systematically smaller than those for *He. Further studies of all these intriguing results
are in progress.

The gross isotope effect, found previously in helium gas [13], has now been confirmed
for liquid helium: the average lifetime as well as the A, value of *He is about 10% larger
than that of *He at the same density. This value reflects the difference of the radiative
lifetimes of single levels caused by the difference in the reduced mass of the two isotopes
[7].

A more sophisticated model including a decay channel to immediate annihilation
(due to collisions, e.g.) was tried, but did not produce a better physical description of the
data.

Finally we measured the delayed annihilation time spectra in solid lithium (Li-
metal, LiH, LiF), which give no evidence for a trapping effect for antiprotons in lithium
(upper limit ~ 0.015 %).
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ratio *He to ‘He

condition | Ty, (1us) M A3 Tirap
gas 1.15+0.03 | 1.14+0.02 | 1.76+0.09 1.1340.02
liquid 1.1540.03 | 1.114+0.02 | 0.66+0.05 | 1.09640.007

Table 3: Ratios of average lifetimes and decay rates of *He to *He for liquid (this paper)
and room temperature gas (data of 1991). In the case of liquid the average of three
measurements at almost identical density are given. The errors quoted for the trapping
times T},,, are systematic errors due to a dependence of the results on the fit range.

Too(L ps) [ps] | Ao [ps™] | As [us™']
liquid | 2.54£0.04 | 0.608+£0.007 | 3.37+0.13
solid | 2.1440.03 | 0.69140.005 | 3.57+0.09

Table 4: Comparison of liquid and solid *He.
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Figure 1: Setup to measure delayed annihilation time spectra of antiprotons in helium (top view). The B and
counters have been drawn on an enlarged scale. In the center the cryostat for low temperature gas measuremer
is shown.
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Figure 2: Cryostat for low temperature gas measurements (side view). In the upper part
the liquid helium reservoir with a needle valve to control the flow of liquid helium through
the capillary to the vaporizer is shown. In the lower part the target gas chamber and the
surrounding cooling gas chamber are seen. The antiproton beam came from the left side.

15



ANV ARRRRRERARARRRY

(2227777777777 7 7 {(wnQz) io} nD

v E (Ww70g) JejAw paziuiwnpy

LA L
(wr'p2g1) noy uoydey|

[88]S SSBjUIRIS E 100 ploo M| — Y4 V

lajawowiay} a0 .:\:I weeq d
sereeq —{I 4 | ///AEE .
2 6t°0) MOpUIM egnd
g RN
\ Sourepadu Mol ™~ / (uwg x Pwgzy)
. L 166121 5H pInby| pue pljog
[ ARERRRNRRAR RN k CERRRRRRERRRRAN
‘ 5353 | AN
_-._O & VJ IEITTIITIS L LS LLLLL E

= “

Ja)y 181Ul 8 pinbr]

—_— ™~ preys M2z

{wwp' ) @l ‘'wwp'e ao)
99]S S5o|ule}s

sull Budwnd ey ———]
[T agm »_an_._m ejdwes oH

ouy Budwnd wnnoep — |

8H pinbry T

kY f/»

yE:_._omS

-
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details see text.
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Figure 5: Examples showing different steps in the data analysis procedure for 30 K He gas.
a) M2 DATS spectrum of the empty target. Antiprotons annihilate in the downstream
wall of the target chamber, where they produce only prompt annihilations. The visible
component with about 2.2 us lifetime is due to muon decays originating from positive
pions stopped in the vicinity of the target. b) M2 spectrum of 30 K He gas showing a
time constant background at ¢ > 24 us. ¢) The same histogram after subtraction of the
time constant background. d) Final histogram after subtraction of the empty run a) from
histogram c).
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Figure 6: DATS of *He gas between 10 K and 40 K.
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Figure 7: Selected DATS of liquid and solid *He.
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Figure 10: Chain decay models for metastable state sequences. a) with two metastable
states, b) with three metastable states and ¢) with three metastable states and additional
destruction channels. Bold lines represent metastable levels, and dashed lines or arrows
Auger-dominated shortlived levels or transitions. N;(¢) denote initial populations and A;
radiative decay rates. Dotted arrows represent destruction channels with rates A%, A
change of the destruction rates A3 in a) or A{ in b),c) with helium density will result in
a change of the fitted values for Ay and A3, even if the radiative lifetimes themselves do
not change.
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Figure 11: Results of the two-level (dashed lines) and three-level-fit (solid lines) for a
variety of conditions of He media.

24



