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Abstract

Delayed annihilation time spectra of antiprotons (DATS) in room temperature helium gas
have been studied as a function of the concentration of admixed noble gases (Ne, Ar, Kr,
Xe) as well as molecular gases (N5,0,,H;) a the low energy antiproton ring (LEAR) at
CERN. The DATS were a superposition of two exponential components, one with lifetime
of several 100 ns and the other with lifetime 1 to 3 us. They showed a shorter average life-
time (T,,) than DATS of pure helium. Ne, Ar, and Kr were found to affect T,,,, only slightly
even in concentrationsup to 20%, while X e showed amuch stronger influence. Inthe case of
molecular gases, the presence of N, influenced the DATS much lessthan O, and H, which
destroyed the metastability almost completely in concentrations of 100 ppm and less. The
decay rate of the slow component of DATSwas foundto exhibit alinear relation to thenum-
ber density of theadmixture. From thisacollisional destruction (“quenching”) cross section
o4 Was extracted. No evidence for a delayed annihilation of antiprotonsin pure Ne, Kr, and
Xewas observed.
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1 Introduction

Delayed annihilation of antiprotonsin helium wasfirst observed in an experiment at KEK
[1]. About 3% of antiprotons stopped in liquid helium were found to survive with an average
lifetime of about 3 us. Similar effects had been observed for K~ [2] and =~ [3] inliquid helium.
No evidence was found however for delayed annihilation in liquid nitrogen or argon.

This discovery isin contradiction to the common understanding that negatively charged
hadrons when stopped in matter are instantly (i.e., within 10~!2s) absorbed by the nucleus. The
observed metastability can be explained by the formation of long-lived states of exotic helium
atomspe~ Het (=pHe™), with the antiproton (p) bound in a state 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 ! ~ no, — 1. The level spacing of these “circular orbits’
is~ 2 eV, whiletheionization energy is~ 25 €V for He. Energy conservation then makes fast
Auger transitions(i.ethosewith asmall change of 7) impossible. Under these conditionsradiative
transitions can occur eventhoughthey arevery slow. Additional deexcitation processeslike Stark
mixing which are normally dominant for exotic atomsin dense mediaare suppressed dueto the
presence of the electron and the resulting neutrality of the atom.

Thismodel wasfirst suggested by Condo [4] to explain the anomal ousfree-decay fractions
of == and K~ observed inliquid helium bubble chambers. It was further devel oped and extended
to the case of antiprotons by Russell [5] (for historical accounts, see [6]). Recently severa au-
thors have calculated the energy levels and radiative lifetimes of these levels using respectively
a configuration mixing approach [ 7], amolecular approach [8, 9, 10], the large-space variational
method [11], and a non-adiabatic coupled rearrangement channel variational calculation [12].
All calculations yield similar level energies and radiative lifetimes of about 1 — 2 us. To get
the total decay rates the Auger rates of course need to be known as well as the radiative ones.
A recent calculation of Ohtsuki [13, 14] shows that only those states that can proceed to lower-
lying ionized states of pHe?t via Al < 3 Auger emission are “short-lived” (r < 10 ns), the
overall lifetimesof al other states being dominated by radiative deexcitation. The (n, [) energy
level diagramisthusdivided into ametastable and short-lived zones, asshownin[7, 15]. Recent
laser resonance experiments[16, 17, 18] have confirmed this picture of the overall structure of
thepHe™ atom.

Experimentally observed delayed annihilation time spectra (DATS) are only partly deter-
mined by total decay rates; the distribution of theinitial population over (rn, ) aswell asthe pos-
sible quenching of the metastablep Het atomsafter their formation by atoms of the surrounding
medium play an important role and both have to be taken into account. Neither influence can
easily be taken into account in theoretical studies. On the experimental side we have made ex-
tensive DATS measurements in various phases of both helium isotopes (room temperature gas,
low temperature gas, liquid and solid helium [15, 19, 20]) using antiprotonsfrom thelow energy
antiprotonring (LEAR) at CERN. Thelongest lifetime observed (about 4 us) occurredin 10K 1
bar helium gas. The difference between this and the liquid helium value was surprisingly small
asthepHe™ atoms should be much less disturbed by collisionsin lower than in higher density
media. We had, in effect, expected amarked increasein theaveragepHe™ atom lifetime asthese
become moreisolated, since then the p ought to be able to make more ps-lifetimeradiative tran-
sitions before reaching a short-lived state. Thisweak dependence of the average lifetime of p on
the density of the helium means that the metastable atoms are extraordinarily insensitive to the
presence of “like” (i.e. helium) atoms.

On the other hand, our first LEAR experiments [15, 19] had aready revealed that very
small admixtures of hydrogen (even less than 100 ppm) destroy the metastability almost com-
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pletely. This suggests that an entirely different quenching mechanismisat work when “foreign”
atoms or molecules are present than whenthepHe™ atoms (or “atomcules’) are surrounded ex-
clusively by helium atoms. We have consequently made extensive studies at LEAR of DATS in
room temperature helium gas with admixtures of other noble gases (He, Ar, Kr, Xe) aswell as
molecular gases (N,,0,,H,), and these form the subject matter of this paper. Section Il below
is devoted to the experimental setup, section 111 to the analysis procedure, and section IV to the
experimental results. In section V we present a detailed discussion of the data in terms of two
model functions, and in Section VI we draw some conclusions about the general features of the
guenching effect on metastable pHe™ of foreign atoms and molecules.

2 Experimental Setup
2.1 Particle Detectors

The method of measuring DATS in gaseous helium at LEAR has been already described
in detail in aprevious publication [19]. The current experiments have been performed using the
same detector setup, the same beam and the same » momentum (200 MeV/c) as those used in
our liquid and solid helium experiments[20].

Theexperimental apparatusisshownin Fig. 1. The antiprotonsleft the beam linethrougha
100 pm thick Be window and entered our target chamber (TC) after passing through al mmthick
plastic scintillation counter (B) of 10 mm diameter placed 18 cm downstream of the Be window.
The B counter was viewed by two PM tubes operated in coincidence. An additional ring-shaped
counter (A), which served as aveto counter aswell asamonitor of the incoming beam halo, was
placed about 1 cm upstream of B. The targets and the detectors for charged annihilation prod-
ucts (mainly pions) were located just downstream of the beam counters. The outgoing 7+ were
detected by the same 4 sets of plastic scintillator telescopes used in previous experiments [19].
Each consisted of oneinner (7'1;,7 = A,B,C,D in Fig. 1) and three outer (T'2;;, j = a,b,c) arrays,
covering asolid angleof 0.8 =, and was divided into 12 elementsto reduce the probability of two
or more pions hitting the same tel escope counter. This was necessary to reduce the background
whichiscaused by 7+ — u* — e™ decay from pions stopped in thevicinity of the target cham-
ber. These giveabackgroundwith alifetimeof 2.2 us, which lieswithin thetimescale of interest.
In order to reduce this background, it was found to be very effective to tag multi-pion hitsin the
telescope counters[19].

2.2 High pressure target-gas chamber

Fig. 2 shows the target-gas chamber. It consists of a vertical cylinder made of stainless
stedl (inner diameter 197 mm, length 190 mm, wall thickness 5 mm) with aremovableflange on
top through which it was connected to the gas mixing system. The entrance window for thep was
mounted on ashort cylinder of inner diameter 54.4 mm, length 60 mm, and wall thickness 3 mm
perpendicular to the axis of the main cylinder. The window was made of a stainless stedl foil of
athickness of 0.5 mm held by aHelicoflex seal pressed against aflange. The inner diameter of
the holein the flange was 15 mm. The use of Helicoflex seals permitted baking at temperatures
up to 250 °C.

The high pressure (up to 40 bar) at which the chamber was to be operated meant that thep
entrance window had to be too small to accept the full antiproton beam, whose diameter was
mainly determined by multiple scattering in the Be window and the upstream beam counter.
Some particlestherefore stopped inside the flange, making it impossible to give areliable value
for the absol ute fraction of p trapped in metastabl e states. To stop the particlesin 5 bar room tem-
perature helium gas, an additional degrader of 0.5 mm Kapton was necessary. Typical stopping
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distributions under these conditions were 15 cm (FWHM) in range and 5 cm diameter perpen-
dicular to the beam axis.

2.3 Target gassystem

The target-gas mixing systemis shown in Fig. 3. It consists entirely of standard stainless
steel pipes of 3/8 inch outer diameter connected by Swadgelok or Gyrolok joints. The valves
were membrane-typevalves suitable for baking at 250 °C. The whole system including thetarget
chamber was baked at that temperaturefor 8 hourswhile evacuating it with two turbo-molecular
pumps (TMP1 and TMP2) beforethe experiment. The molecular sieve (MS) shown inthefigure
was included to trap impurities when cooled down by liquid nitrogen, but was found not to give
ameasurable improvement in the gas purity and was therefore not used in the experiments.

To mix the gas samples, we proceeded as follows: for high admixture concentrations, re-
search grade admixture (impurity content between 3 and 20 ppm) gas was first introduced into
the target chamber (TC) at partial pressure pr¢ . Research grade helium gas (impurity content <
1 ppm) wasthen added up to thetotal pressure p;. The pressureswere measured by a strain-gauge
type pressure sensor (PG) with aresolution of 0.1 bar.

In the case of low admixture concentrations, the foreign gas was first introduced into the
mixing chamber (MC) at pressure pas¢, then the remaining pipe-work etc. was evacuated. Valve
VA 1o was opened to fill TC with admixture gas at partial pressure

Pa = pmc Ve /(Vre + Vp).

The valuesfor V¢, Vre, and V, were 10.3, 5935, and 120 cm?, respectively. TC was then filled
with Helium gas to the final pressure p;, yielding an admixture of concentration ¢, = p./p:-
During data taking, the valve VAr¢ was closed and the rest of the system maintained at 10~°
mbar by pumping.

In general, we first prepared a gas sample with the highest admixture concentration and
took DATS over the appropriate range of pressures; c, was then successively reduced by adding
pure helium gas.

3 Data Reduction and Analysis

The electronics, data taking and data analysis procedure was described in great detail in
two previous publications [19, 20]. The time difference between an incoming p (B counter hit)
and an outgoing annihilation product (a hit in at least one of the twel ve tel escope elements) was
recorded separately for al 12 counters. This way we could select multi-pion hitsin the off-line
analysisto discriminate the background fromthe =+ — u* — et decays. Asdescribed in[20],
we used only events where at |east two tel escope counters registered a hit within atime window
of 3.3 ns (multiplicity > 2 or M2 events). To remove the remaining contamination of 7+ —
pt — et decay in the M2 spectra, we made a background run with empty target. The spectra
presented in this paper were then obtained by subtracting the M2 background spectrum fromeach
data spectrum, normalized to the same total count. These spectra have also been normalized to
the total delayed event count.

4 Experimental Results

Fig. 4 shows DATS obtained in pure helium gas at room temperaturefor several pressures.
Together with the data (black dots) the results of afit of two model functions described in the
next section are shown as solid and dashed lines respectively. We chose abinning of 100 nsfor
all displayed spectra, though our intrinsic instrumental time resolution is 3 ns. The spectra ex-
hibit afast component and — as observed previousy — a growth-type structure which resultsin
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a downward-bent shape in the semi-logarithmic plot at timest¢ > 10 us. Previously recorded
gpectra of low temperature helium gas[20] at temperatures below 30 K did not show such afast
component. However, aswill be discussed later, we cannot exclude room temperatureimpurities
asthe origin of thisfeature.

The multiplicity > 3 (M3) DATS in pure Ne, Kr, and Xe at 3 bar are shown in Fig. 5 to-
gether with that of an empty target chamber run. They show only a prompt peak and randomly
occurring delayed counts. The upper limit of about 5x 10~* for the delayed fractionis consistent
with the value we obtain for the empty target run.

Tables1, 2 and 3list the conditionsfor purehelium aswell asfor all gasmixturesmeasured.

A selection of admixture DATS is shown in Figs6to 13. They can generally be described
rather well by a ssimple superposition of two exponential curves (dashed lines). The higher the
admixture concentration, the steeper and more pronounced thefast component becomes, while at
the same time the slow component lifetime becomes shorter. A given admixture concentration
shortens the average lifetime significantly more at high temperature than at room temperature
(seeFigs. 7 and 8 for Ar). It also appears that the sensitivity of the average lifetime to admixture
concentration varies considerably fromgasto gas: even at 20% concentration, Ne, Ar and Kr only
change the average lifetime dightly, while the shape of the DATS issignificantly affected by Xe
and by molecular impurities at concentrations less than 0.1%. Among the molecular impurities,
thereis also some variation: N, in concentrations of 1000 ppm affects the average lifetime of p
much less than H, or O, at the 100 ppm level.

5 Discussions
5.1 Descriptive models of thetime spectra

In order to get quantitative results on the change of the time spectradue to admixturesitis
necessary to describe the observed spectra by some model functions. In this paper we have used
two of these:

5.1.1 Chain decay model

In a previous publication dealing with DATS for pure helium [20] we introduced a chain
decay model in which the antiprotons pass through a sequence of three atomic states, and an-
nihilate rapidly with the nucleus from the lowest one. This model very successfully reproduced
DATS in arange of conditions from low temperature gas to liquid and solid helium. Denoting
N;, N,, N5 the populationsand ); , A, , As the decay rates of the three levels (level 1 isthe
highest in the chain), we can write down the rate equations for the time dependent populations:

dN,

—— = —\N 1
— Ny M
dN,

— = ANy — AN 2
dt 14V1 24V2 ( )
% — )\2N2 —)\3N3 . (3)

Making the same ssimplifying assumptions as before (IV; (0)=N,(0)=N3(0); Ay =X3 ) we
obtain a solution for N3(t). The assumption that annihilation takes place only from the lowest
level 3 means that we fit A3 N5 to our data. The results of log likelihood fits of this function to
our DATS are shown asasolid linein Figs. 7 to 13.

While this model workswell with noble gas admixtures at low concentrations, its perfor-
mance deteriorates at a) high noble gas concentrations and especially b) if the impurities are
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molecular gases, being unable to reproduce the steep fast component present in this case. Table
1 to 3 givetheresultsfor the decay rates \; and A .

5.1.2 Two exponential model

In view of the low gtatistical significance of some of the DATS, especially those at high
admixture concentrations, we decided to try avery smple model, in which the spectra consisted
only of a sum of independent exponential functions:

n(t) = A(f Ay exp(=Ast) + (1 = f) A exp(=Ait)), (4)

Here A is an overall normalization, A; and A, the fast and slow decay rates, and f the
fraction of the fast component.

The results of the fits of this function are shown as dashed linein Figs. 7 to 13 and give

a better description of the DATS at higher admixture concentrations than does the chain-decay
model.

5.2 Purehelium gas

The fast component visible in pure helium, room temperature DATS was not observed in
previous experiments at temperatures below 30 K [20] although it did appear above that temper-
ature. Furthermore, at 50 K the delayed component consisted only of a single exponential with
alifetime of about 500 ns. This was attributed to the presence of an unknown impurity that en-
tered the vapour phase above 30 K. Even though we carefully baked the whole gas system and
the target chamber in the present experiments, we cannot eliminate residual impurities at the 10
ppm level. Our experiments with controlled concentrations of helium with hydrogen had already
shown that these gases can have a marked effect on the delayed component even in concentra-
tions of afew tens of ppm.

Onthe other hand, thefit results of thethree-level-model for the Slow component (1) arein
good agreement with theresultsfor low temperature gas (atypical valuebeing \; =0.395+0.005
psta T = 10K [20]). Also the value of \; does not change significantly between room tem-
perature and 470 K (seetable 1). We therefore mainly use the values of the low component for
the further discussion presented bel ow.

5.3 Noblegasadmixtures

Fig. 14 showsthefit resultsfor A¢, A, and the A; fraction f versus the admixture density.
The Xedataisincluded twice, for comparison with noble gas values (Ieft column) and molecular
gas values (right column). The relation islinear with density, the dlope of straight linefits to the
dataincreasing systematically from Neto Xe. It isclear that the Xe dopes are very much higher
than those for other noble gases and similar to those for nitrogen. In al cases the fitted lines
extrapolate reasonably well to the values obtained for pure helium gas.

Thefast component fraction £, showninthelower part of Fig. 14, increases systematically
with increasing admixture density, except for Xe. However, thelarge errorsand sparse datapoints
make it difficult to draw firm conclusions from this.

Since the fitted decay rates exhibit a fairly linear relation with the number density of the
admixture, it isjustified to apply a ssimple quenching model where the metastability is affected
by binary collisionswith the admixture atomsor molecules. Thispictureisjustified if we assume
that the quenching takes place after the formation of the metastabl e states. |n addition we assume
that the metastable pHet atoms are thermalized after their formation in atime scale short com-
pared with the annihilation time scale. The decay rate dependence of A on the admixture density
n IS



A=X+o4vn, )

where A, istheintrinsic decay rate of the metastable state, o, the quenching cross section
and v the velocity of the admixture atom or molecule relative to thepHe™ atomcule. With our
assumption that thepHe™ velocity isthermal, we get

o= /2L, (6)
I

meM
me + M

where

(7)

is the reduced mass of the system (M = mass of pHe' system, m, = mass of admixture
atom or molecule). Table 4 givesthe results of thefits shown as straight linesin Figs. 14 and 15.

Itisremarkablethat the valuesfor o, resulting from thetwo-level-model are systematically
smaller (by afactor 2 to 3) than that obtained from the three-level-model. The general tendency
with respect to the influence of different admixtures as described above is however similar in
both models.

Fig. 15 comparesthe density dependence of thefitted decay rates and fast component frac-
tion of roomtemperature (RT) helium-plus-argon mixturesand the same mixtureat atemperature
T =470 K (“hot” Ar). As can be seen in the left column, in both cases the decay rates depend
linearly on the density. The dlope for “hot” Ar is much steeper than for RT Ar mixtures. While
thefraction for RT mixturesisfairly constant, that at higher temperaturesincreases steadily with
admixture density.

The right column of Fig. 15 shows the data plotted against pagmiz /T If the difference of
RT and “hot” mixtures were only due to the higher thermal velocity (x +/T), the two data sets
should lie on the same curveinthisdisplay. Thefact that the Slopes are still very different shows
that the quenching cross section changeswith temperature. If we assume an Arrhenius-typetem-
perature dependence, i.e. o, x exp(—E,/kT'), we can extract avaluefor the* activation energy”
E, of 0.11+0.01 eV inthethree-level model, and 0.073+0.008 eV in the two-exponential model.

l[,:

5.4 Admixturesof molecular gases

The right column of Fig. 14 shows the density dependence of the fitted decay rates for
admixtures of O,, H, and N,. The scale of the density axes is about three orders of magnitude
smaller than the one for the noble gases (Ieft column) indicating that the quenching effects are
much stronger here. The datacan (at least for the two-exponential-model) again be well fitted by
astraight line. Theresultsof thesefitsareshownin Table4. Whilethevalueof ¢, for N, issimilar
to that of Xe, the values for H, and O, are one and two order of magnitudes higher. For these
molecular admixtures, the fast component fraction rises rapidly to the value unity with admixture
density (for O, even at 120 ppm concentration). Effectively, at higher admixture concentrations
the DATS isa single exponential.

6 Conclusions

In summary we obtained DATS of helium with admixtures of other noble gases as well
as molecular gases. Both admixtures shortened the average lifetime of DATS and introduced a
fast-decaying component into the spectra as compared to pure helium at low temperatures. Pure
helium measured at room temperature in the same target chamber, however, also showed a fast
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component of varying steepness. It cannot be excluded that thisfast componentisat |east partially
caused by the presence of impurities.

The most striking result was the difference in the effects of noble-gas and molecular-gas
admixtures. Theintroduction of Ne, Ar, and Kr in concentrationsof 10% changed the DATS only
dightly. The fitted decay rates of either athree-level model or a simple two-exponential model
show alinear dependence on the admixture density, corresponding to a quenching cross section
of the order of 10~2° cm? if thepHet atomcules are assumed to have thermal velocity.

Both Xe and N, quenched the metastabl e states much more strongly, with cross sections
of about 1078 cm?, while O, and H, quenched them very violently in concentrations of only
100 ppm. The latter figure corresponds to a quenching cross section of about 10~1¢ cm?, which
isof the order of atypical “geometrical” atomic collision cross-section. A single collision of the
pHe™ atomcule with an O, or H, moleculeisthus able to destroy the metastability completely.
The reason for this may be that due to their many internal degrees of freedom, such molecules
can, during acollision, easily absorb the exact amount of energy and angular momentum required
to move the p from a metastable to a short lived state. An alternative explanation might be the
occurrence of somekind of chemical reaction. Thiscould explain why the chemically lessactive
N, has a weaker effect on the atomcule.

Thebehaviour of the quenching rate of Argon between roomtemperatureand 470K seems
to be attributableto achangein the cross section itself with temperature, rather than the changein
the thermal vel ocity of the atomcules. Thisbehaviour isnot typical for atomic collisions. Assum-
ing an Arrhenius-type temperature dependence, we can extract an “activation energy” of about
0.1 eV fromthisdata.
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P: A1 A3 f }\f As
[bar] [us] [us]~* [us™*] [us™']
room temperature gas

3.0 | 0.380+ 0.006 | 0.98+ 0.03 | 0.022+ 0.011 | 1.72+ 0.66 | 0.270+ 0.004

5.0 | 0.3924+ 0.002 | 1.444 0.02 | 0.1254 0.005 | 1.83+ 0.09 | 0.276+ 0.002
10.0 | 0.4044+ 0.003 | 2.01+ 0.03 | 0.230+ 0.006 | 1.92+ 0.07 | 0.275+ 0.002
16.0 | 0.4174+ 0.003 | 2.39+ 0.05 | 0.276+ 0.007 | 2.13+ 0.08 | 0.278+ 0.003
20.0 | 0.434+ 0.003 | 2.65+ 0.06 | 0.300+ 0.007 | 2.29+ 0.08 | 0.287+ 0.003

T =470K
5.0 ‘ 0.423+ 0.007 ‘ 1.78+ 0.08 ‘ 0.171+ 0.017 ‘ 195+ 0.24 ‘ 0.296+ 0.007

Table 1. Summary of target conditions and fitted decay ratesfor pure helium gas.



Pa P: fa Pa }‘1 }\3 f }\f }\s
[mbar] | [bar] | [%] | [10"cm™®] | [pg]~} [us]~* [us™'] [ps']
Neon
500| 50| 10 134 0.454+0.01 | 1.53+£0.10 | 0.37+0.12 | 0.80+0.20 | 0.21+0.04
1000 | 100 | 10 2.69 0.5440.01 | 239+£0.15 | 0.32+0.04 | 1.53+£0.21 | 0.31+0.02
1000 | 50| 20 2.69 0.4240.01 | 1.52+0.08 | 0.17+0.03 | 1.45+0.32 | 0.27+0.01
1500 | 150 | 10 4.03 0.60+0.01 | 2.99+0.20 | 0.53+0.05 | 1.36+0.14 | 0.27+0.03
2000 | 100 | 20 5.38 0.514+0.01 | 2.32+£0.13 | 0.29+0.03 | 1.63+£0.19 | 0.31+0.01
3000 | 150 | 20 8.07 0.59+0.01 | 2.81+£0.16 | 0.34+0.03 | 1.83+£0.18 | 0.35+0.01
7600 | 15.0 | 50.7 204 0.644+0.03 | 3.42+0.45 | 0.5440.27 | 1.35£0.69 | 0.32+0.19
Argon
17| 153 | 011 0.045 0.394+0.01 | 3.16+0.27 | 0.32+0.02 | 3.19+0.36 | 0.25+0.01
300| 30| 10 0.81 0.434+0.01 | 207£0.19 | 0.1840.02 | 2.74+0.55 | 0.27+0.01
600| 30| 20 161 0.494+0.01 | 3.10+£0.20 | 0.27+£0.02 | 3.15+£0.36 | 0.32+0.01
1000 | 50| 20 2.69 0.554+0.01 | 3.25+£0.20 | 0.32+0.02 | 2.65+£0.27 | 0.34+0.01
1500 | 150 | 10 4.03 0.714£0.02 | 4.56+0.40 | 0.39+0.03 | 3.77£0.55 | 0.41+0.03
2000 | 100 | 20 5.38 0.674+0.01 | 4.04+£0.26 | 0.37+0.02 | 3.15+£0.35 | 0.43+0.02
3000 | 150 | 20 8.07 0.894+0.02 | 499+0.33 | 0.39+0.02 | 4.10+£0.51 | 0.584+0.02
ArgonT =470K
250 25| 10 0.43 0.57+0.02 | 3.19+0.32 | 0.484+0.12 | 1.42+0.43 | 0.27+0.09
500| 50| 10 0.85 0.82+0.02 | 4.71+£0.36 | 0.36+0.03 | 3.29+0.53 | 0.50+0.02
1000 | 100 | 10 171 1.01+£0.02 | 5.15+0.37 | 0.454+0.05 | 2.80+0.44 | 0.584+0.04
1000 | 50| 20 171 1.01+0.03 | 5.53+0.49 | 0.40+0.03 | 4.22+0.80 | 0.61+0.04
2000 | 100 | 20 341 1.66+0.06 | 7.37+0.63 | 0.47+0.07 | 5.41+1.63 | 1.35+0.14
3000 | 150 | 20 512 2.3840.05 | 8.79+£0.63 | 0.72+0.05 | 3.33£0.31 | 0.954+0.11
Krypton
84| 30| 28 0.23 0.40+0.02 | 1.15+0.12 | 0.174+0.13 | 0.91+0.46 | 0.23+0.04
132 25| 53 0.35 0.454+0.01 | 1.73£0.13 | 0.29+0.05 | 1.17+£0.17 | 0.25+0.02
263 | 50| 53 0.71 0.59+0.01 | 2.98+0.20 | 0.41+0.03 | 1.82+0.19 | 0.31+0.02
300| 30| 10 0.81 0.9440.03 | 4.85+0.48 | 0.52+0.04 | 2.56+0.34 | 0.4440.05
420 | 150 | 28 113 0.6840.03 | 3.35£0.37 | 0.47+0.07 | 2.01+£0.39 | 0.35+0.08
500| 50| 10 134 1.084£0.04 | 4.92+0.45 | 0.514+0.05 | 3.01+0.36 | 0.59+0.06
526 | 100 | 53 142 0.7840.02 | 429+0.26 | 0.49+0.02 | 3.00£0.25 | 0.43+0.03
789 | 150 | 53 212 1.02+0.02 | 5.19+0.26 | 0.57+£0.02 | 3.30+0.21 | 0.52+0.03
1000 | 190 | 53 2.69 1.31+0.04 | 6.28+0.45 | 0.614+0.02 | 4.50+0.38 | 0.584+0.05
1000 | 100 | 10 2.69 1.40+0.06 | 6.59+0.56 | 0.67+0.03 | 5.24+0.53 | 0.77+£0.08
1500 | 150 | 10 4.03 2.564+0.01 | 9.03£1.00 | 0.744+0.02 | 7.63+£0.68 | 0.84+0.07
Xenon

125 | 500025 | 3.36x10~2 | 0.85+0.04 | 6.194+0.50 | 0.804+0.03 | 12.15+1.30 | 0.65+0.05
125| 25| 005 | 3.36x107% | 1.44+0.09 | 7.3440.93 | 0.70+0.04 | 7.344+1.25 | 0.5940.13
50| 10.0 | 0.05 | 1.34x1072 | 1.064+0.06 | 5.194+0.65 | 0.40+0.11 | 4.09+1.21 | 1.0640.16

Table 2: Summary of target conditions and fitted decay rates for noble-gas admixtures.
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Pa P: fa Pa }‘1 }\3 f }\f }\s
[mbar] | [bar] | [ppm] | [10'"em~3] | [ps]”! [us]~* [us™*] [ps]
Hydrogen
0.63 25 250 0.168 3.01+0.07 | 10.6+£0.6 | 0.77+0.03 | 547+0.43 | 1.15+0.09
2.50 25| 1000 0.672 6.33+0.23 | 20.0+4.8 | 0.82+0.04 | 10.7£1.8 | 2.72+041
100 | 10.0 | 1000 2.69 13.3+1.0 | 13.0£1.3 | 1.04+0.01 | 6.784+0.01 -
Oxygen
0.06 25 25 0.0168 0.77+£0.01 | 2.144+0.09 | 0.40+0.10 | 0.824+0.11 | 0.46+0.04
030 | 123 25 0.0813 254+0.03 | 8.61+0.86 | 0.63+0.17 | 2.36+0.26 | 1.23¥0.18
0.30 25 121 0.0813 255+0.04 | 8.49+1.07 | 0.35+£0.09 | 2.694+0.38 | 1.53+0.07
125 | 103 121 0.336 8.29+0.18 | 21.6+5.6 | 1.00+0.02 | 6.06+0.12 -
125 25 500 0.336 9.77£0.14 | 10.2+0.3 | 1.00+0.03 | 5.984+0.12 -
Nitrogen
242 25 970 0.651 0.50+0.01 | 3.544+0.17 | 0.41+0.01 | 2.684+0.20 | 0.29+0.01
998 | 10.3 970 2.68 0.75+0.02 | 4.854+0.26 | 0.58+0.02 | 3.584+0.25 | 0.37+0.02

Table 3: Summary of target conditions and fitted decay rates for molecular mixture gases.

3-level model 2-level mode

type | v (10°cm/s) | Ao (ps?) o, (cm?) Ao (ps7h) o, (cm?)

Ne | 1.3740.03 | 0.421+0.010 | (1.5+0.2) x 10720 | 0.254+0.02 (9+2)x10°2
Ar | 130+£0.02 |0.390+0.007 | (4.640.3) x 1072° | 0.2494-0.008 | (2.9 + 0.2) x 10~2°
Ar* | 163+010 | 0441+0.016 | (2.2+0.2)x 107'® | 0.37+0.03 (8 £2) x 10720
Kr | 1.26+£0.02 | 0.16440.009 | (4.740.1)x 107'° 0.21£0.02 | (1.240.1) x 1071
Xe | 1.2540.02 — — 0.51+0.08 (3+1)x 10718
N, | 1.33+0.02 | 0.414+0.015 (9+1) x 10718 0.26+0.02 (3+1)x 10718
Hy | 228+0.04 |2201+£0.094 | (2.240.2)x 1071 | 0.79+£0.10 | (9.740.3) x 10717
O, | 1.31+£002 | 0.3234+0.015 | (2.054 0.06) x 10~% | 0.184+0.04 | (1.2+0.1) x 10~1®

Table 4: Results of fits of the quenching model. * T' = 470 K.
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Figure 1: Setup to measure delayed annihilation time spectra of antiprotonsin helium (top view). The B and A coul
have been drawn on an enlarged scale. In the center the target gas chamber is shown.



Figure 2: Target gas chamber. For details see text.



Figure 3: System to mix the gas samples. Abbreviations: TC: target chamber, VA: valve, PG: pressure gauge, GB
bottle, TMP: turbo molecular pump, MS: molecular sieve.



(counts / 400 ns) / delayed p

Annihilation Time (us)

Figure 4: DATS of pure helium at room temperature at several pressures. The data are shown as
black dots, asolid line represents the fit of the three-level model, and the dashed line thefit of a
two-exponential model as described in the text.
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counts / 100 ns

Figure5: M3 DATS of pure Ne, Kr, and Xe at 3 bar pressure, and the one of an empty target run.
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Figure 6: DATS of helium with admixture of Ne.
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Figure 7: DATS of helium with admixture of Ar.
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Figure 8: DATS of helium with admixture of Arat T' = 470 K.
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Figure 9: DATS of helium with admixture of Kr.
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Figure 10: DATS of helium with admixture of Xe.
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Figure 11: DATS of helium with admixture of nitrogen.
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Figure 12: DATS of helium with admixture of hydrogen.
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Figure 13: DATS of helium with admixture of oxygen.
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Figure 14: Density dependence of A;, A,, and f for noble-gas admixtures (left column) and
molecular admixtures (right column).
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Figure 15: Dependence of A;, A,, and f for admixtures of Ar at room temperature and 470 K
on the admixture density (left column) and on the admixture density times the square root of the
temperature (right column).
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