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Thermalization of free positronium atoms by collisions with silica-powder grains,
aerogel grains, and gas molecules

Y. Nagashima, M. Kakimoto, * T. Hyodo, and K. Fujiwara~
Institute of Physics, College of Arts and Sciences, University of Tokyo, 8-8-1 Komaba, Meguro ku,-Tokyo 158, Japan

A. Ichimura
Institute of Space and Astronautical Science, 8 1 1Y-o-shinodai, Sagamihara, Kanagawa gag, Japan

T. Chang and 3. Deng
Institute of High Energy Physics, Academia Sinica, P O. B. oz 2782, Bering, China

T. Akahane and T. Chiba
National Institute for Research in Inorganic Materials, Namiki, Tsukuba, Ibaraki 805, Japan

K. Suzuki
Institute for Solid State Physics, University of Tokyo, 7-22-1, Roppongi, Minato ku, Tok-yo 108, Japan

B. T. A. McKee and A. T. Stewart
Department of Physics, Queen's University, Kingston, Ontario, Canada K7L 8NG

(Received 18 May 1994; revised manuscript received 28 February 1995)

Angular correlation of annihilation radiation (ACAR) from silica-powder pellets and silica aerogel
has been measured in order to investigate the slowing down of free positronium (Ps) atoms by
collisions with silica grains and gas molecules. The data for the pellets and the aerogel in vacuum
show that the slowing down of parapositronium (p-Ps) in the free space between the silica grains
depends on the number of collisions and hence on the mean distance between the grains. The
momentum distribution of orthopositronium (o-Ps) shows further slowing down because of its long
lifetime. From the ACAR data obtained from specimens of aerogel 611ed with gases (He, Ne, Ar,
Kr, Xe, H2, CH4, CO2, and iso-C4Hqo), the momentum-transfer cross sections between Ps and
the gas molecules are estimated. It is concluded that the Ps kinetic energy is transferred only to
the translational motion of the gas molecules, i.e., the excitations of vibration and rotation of the
molecules are negligible.

PACS number(s): 36.10.Dr, 34.50.—s, 78.70.Bj

I. INTR.ODU CTION

It was observed in the mid 1960s that the angular cor-
relation of annihilation radiation (ACAR) and positron
lifetime spectra in metal oxide and metal Huoride pow-
ders [1,2] showed formation of positronium (Ps). In 1968,
Paulin and Ambrosino [3] reported that the Ps compo-
nent in the positron lifetime spectra for silica powders
depends on the grain diameter. It was postulated that
the Ps atoms form inside the grains and then disuse out
of them [4]. Paulin and Ambrosino also observed the
eA'ect of air on the o-Ps annihilation. Following this, sil-
ica powders were used for investigating the interactions
between Ps and paramagnetic gases [5—8].

*Present address: Information System Laboratory, Toshiba
Research 4 Development Center, 1 Toshiba-cho, Komukai,
Kawasaki, Kanagawa 210, Japan.
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Chang et al. [9] reported in 1982 that silica aerogel
showed a similar Ps formation property as powders. This
material provides a convenient positron moderator, Ps
formation medium, and "a microgas cell" for studies of
Ps-gas scattering with the ACAR method [10,11]. The
following points are to be emphasized. (i) The use of this
special medium enables us to do ACAR measurements on
dilute gases with much higher resolution without losing
statistics than the "pure" gas experiments [12—14]. This
is because the implantation depth of the Na positrons
into the aerogel of a typical density of 0.1 gicm is only
2.2 mm. Thus the region where the positrons annihilate
is thin enough that the reduction of the count rate due to
the sample collimator slit for the high resolution ACAR
measurement is not serious [15]. (ii) The amount of Ps
provided to the free space between the grains is large; the
fraction of these Ps atoms is about 45% of the injected
positrons for the aerogel with the grain diameter of 5
nm. (iii) Not only o-Ps but also parapositronium (p-Ps)
is ejected out of the grain into the &ee space before anni-
hilation [10]. This gives information on the momentum
distribution at the time of the annihilation of p-Ps, on an
average 125 ps after its formation. (iv) The momentum
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distribution of o-Ps can be measured by applying a static
magnetic field to induce it to annihilate into two p rays.
Note that the momentum distribution can be measured
only through the p rays from 2p annihilation. (v) The
mean lifetime of o-Ps can be controlled by changing the
magnetic Geld.

The mean &ee path of the Ps in free space in the aero-
gel of grain diameter 5 nm and density 0.1 g/cm, as
has been used in the present work as well as in Refs.
[9,10,15—23], is long enough for the Ps atom in this space
to be described as a free particle. The macroscopic
structure of the aerogel is sustained by a delicate three-
dimensional network even at this low density. Thus the
aerogel can be handled —gently —just as a solid sample.
The internal free space between the silica grains is con-
nected to the space outside the aerogel because the aero-
gel is made from silica-methanol-gel by extracting water
and methanol from the space between the grains [24,25].
Therefore, gas molecules are easily introduced into the
&ee space by placing the aerogel in the gas atmosphere of
desired pressure. Although the ACAR data obtained by
using the aerogel include the component resulting from
the positrons annihilating with the electrons of the silica
grains, it is rather easy to subtract the component from
the data.

Silica powders can be used in a way similar to the
aerogel. An advantage of the powders is that we may
change the mean distance between the grains by changing
their packing. They can be pressed into pellets for high
densities, but need special care for smaller densities.

The ACAR study with silica aerogel has already been
applied to investigate the spin conversion collisions of Ps
and oxygen [15,16] and the "anomalous" Ps formation
fraction in Xe [18]. A number of other preliminary results
have also been published [10,20,21,23].

In the present work, the ACAR method using silica
aerogel is applied to a study of Ps slowing down through
the collisions with various gas molecules. From the data,
we estimate the momentum-transfer cross section be-
tween Ps and the gas molecules.

Prior to the gas experiments, the momentum distri-
bution of p-Ps and o-Ps was measured by the ACAR
method for the silica aerogel and pressed pellets of sil-
ica powders with difFerent mean distances between the
grains. The result is used to estimate the effect of the
collisions with the grains in the analysis of the experi-
ments with gases. Of course, the interaction of Ps with
the silica grain surfaces is of interest for its own sake
[26-31].

In Sec. II the experimental procedure is described.
The experimental results are presented in Sec. III. In
Sec. IV the p-Ps energy distribution is discussed, a model
for the slowing down of Ps is presented, the efFect of
collisions with silica grain surfaces is discussed, and then
the momentum-transfer cross sections are estimated.

II. EXPERIMENTAL PROCEDURE

The effect of collisions with the silica grains on the
Ps momentum distribution in silica powders and silica

aerogel was studied first. The powder (Cab-o-sil) hav-
ing a mean diameter of 7 nm was pressed into pellets
of macroscopic densities of 1.0 g/cm and 0.3 g/cm .
The macroscopic density of the silica aerogel was 0.1
g/cm . The mean grain diameter of the aerogel was mea-
sured to be 5 nm by using an electron microscopy and
Brunauer-Emmett-Teller (BET) method. Two high res-
olution one-dimensional (1D) ACAR apparatuses were
used; the one used for the measurements with the pow-
der pellets was at Queen's University and the other used
for the measurements with the aerogel was at Univer-
sity of Tokyo. The former was used with the momentum
resolution 0.5 x 10 mc [full width at half maximum
(FWHM)] and the latter with 0.27 x 10 mc (FWHM),
where m and c are the electron mass and the light ve-
locity, respectively. The powder pellets and. the aerogel
were placed in vacuum.

The ACAR for the aerogel in the presence of a static
magnetic field of Aux density 0.29 T was also mea-
sured. In the presence of a static magnetic field, the
p-Ps state and one of the three substates of o-Ps are
mixed to form two new well-defined quantum states that
may self-annihilate into 2p or 3p [32]. We shall refer. to
them as para-like-positronium (p-like-Ps) aiid ortho-like-
positronium (o-like-Ps) because in the limit of the field
approaching zero, each converges to p-Ps and o-Ps, re-
spectively. The mean lifetime of the p-like-Ps in the field
of the present experiment is almost equal to that of p-Ps.
On the other hand, that of the o-like-Ps is 51 ns. In the
silica aerogel, the pickoff annihilation reduces this value
to 49 ns [10].

The effects of the collisions of Ps with gas molecules
were studied with the apparatus at University of Tokyo.
Research grade high purity gaseous He, Ne, Ar, Kr, Xe,
H2, CH4, iso-C4Hqo, and CO2 were introduced into the
free space between the grains of the silica aerogel by fill-
ing the sample chamber with these gases. The pressure of
the gases was 1 atm. ACAR data were obtained with and
without the static magnetic Geld of 0.29 T. The pickofI'
annihilation with the gas molecules further reduces the
mean lifetiine of the o-like-Ps by up to 2 ns [33]. All the
measurements were performed at room temperature.

III. RESULTS

A. Data in vacuum

Figure 1 shows the ACAR data for (a) the silica aerogel
(0.1 g/cm ), (b) the powder pellet of density 0.3 g/cm,
(c) the powder pellet of density 1.0 g/cm, and (d) the
silica aerogel in the magnetic field. The solid curves show
the same Gaussian curve with a FTHM of 10.0 x 10
mc (broad components), which has been determined by
fitting to the data points in the region ~p ~

) 5 x 10 mc.
These represent the momentum distributions of the va-
lence and the inner core electrons in fused silica sampled
by the positrons. The ACAR data in Fig. 1 are nor-
malized to the same broad component intensities. The
narrower component in Figs. 1(a)—1(c) represents the
momentum distribution of p-Ps in the free space be-
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FIG. 1. AGAR data for (a) the silica aerogel (0.1 g/cm ),
(b) the powder pellet of density 0.3 g/cm, (c) the powder
pellet of density 1.0 g/cm, all in zero field, and (d) the silica
aerogel in the magnetic field of 0.29 T. The solid curves show
the broad component.

tween the silica grains. The data in Fig. 1(d) contain
an additional narrowest component that comes &om the
2p self-annihilation of o-like-Ps induced by the magnetic
field. Figures 2(a)—2(c) show the momentum distribu-
tion N(p, ) of the p-Ps obtained by subtracting the solid
curves from the data shown in Fig. 1. Figure 2(d) shows
the momentum distribution of the o-like-Ps obtained by
subtracting Fig. 1(a) from 1(d).

In order to correct for the effect of the experimental
resolution, N(p, ), shown in Fig. 2, was decomposed into
two or three Gaussians. Then the resolution was decon-
voluted quadratically.

The average energy e ' of the p- and o-like-Ps is cal-
culated &om N(p, ) by

OO OO

s b'(7) = 3 ' %(p, )dp N(p, )dp„(1)
oo 2mps
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FIG. 2. (a) —(c) p-Ps momentum distributions obtained
by subtracting the solid curves from Figs. 1(a)—1(c). (d)
o-like-Ps momentum distribution obtained by subtracting
Fig. 1(a) from Fig. 1(d).

FIG. 3. Average energy s „' of p-Ps (full circles) and
o-like-Ps (open circle). The solid line represents e (r) with

M, = 13 amu for p-Ps, while the dashed line represents s (r)(2)

with M, = 23 amu for o-like-Ps.

where mp, is the Ps mass and 7 is the mean lifetime of the
Ps. In Fig. 3, s '(v) is plotted against the mean distance
L between the grains. L has been calculated with the
assumption of uniform size and spatial distributions of
the grains as

4 &po
L = —

/

——1)R, (2)

where po is the bulk density of amorphous silica (2.20
g/cms), p is the density of the aerogel or the powder
pellets, and R is the mean radius of the grains.

B. Data in the presence of gases

Figure 4 shows the ACAR data taken with the silica
aerogel placed in gases at a pressure of 1 atm (10s Pa)
in zero field, while Fig. 5 shows those in the Geld of 0.29
T. The ACAR curves are normalized to the same broad
component (solid curve) intensities. For Kr and Xe, the
peak values are higher than those for the other gases and
vacuum. This is due to the efficient formation of Ps on
collisions with the heavier inert gas molecules [18]. Figure
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FIG. 4. ACAR data for silica aerogel in gases in zero field.
The solid curves show the broad component.
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TABLE I. Average energy of the observed o-like-Ps components (e'„'), the Ps momen-

tum-transfer cross section (cr ), and the total scattering cross section estimated by viscosity
measurements (o.„;„).The value of rr should be regarded as the upper limit (see text). The(2)

quantity o /M, where M denotes the mass of the gas molecule, is a measure of relative thermal-' (2)

ization rate. The value of o obtained by a different approximation described in the text is also
listed for reference.

Gas
vacuum

He
Ne
Ar
Kr
Xe
H2

CH4
1so-C4Hyo

CO2

obs
&av

(eV)
0.093
0.051
0.070
0.082
0.088
0.072
0.046
0.063
0.067
0.071

(2)
&m

(10 cm )

52
60
63
61

1.2 x 102
48
69

1.6 x 10
1.3 x 10~

O vise

8.2
10
17
21
27
11
21
49
25

6.3
6.0
3.7
2.9
4 4
4 4
3.3
3.3
5.2

(10 cm ) &m /o vise
—Z6 2 (2)

o /M

(10 cm /amu)

13
3.0
1.6

0.73
0.91
24
4.3
3.6
2.2

(10 "cm')

(2.0)
(3 7)
(3.6)
(3.8)
(»)
(1.3)
(4.3)
(12)
(3 1)

6 shows the o-like-Ps momentum distribution obtained
by subtracting the zero-field data (Fig. 4) from the data
in the field (Fig. 5). The e b' for the o-like-Ps obtained
by using Eq. (1) are listed in Table I.

IV. DISCUSSION

A. Energy distribution of p-Ps

The p-Ps average energy deduced from Figs. 2(a)—2(c)
is shown in Fig. 3. It depends on the mean distance
between the silica grains. This confirms that Figs. 2(a)—
2(c) are not due to the p-Ps atoms in the grain or on
the grain surface but those in the &ee space between the
grains.

The Ps momentum density distribution p(p) can be
deduced from the component N(p, ) in the 1D ACAR as
[34]

1 d
p(p) ~ —— ~(&.) I~.=~.

p~ dJ~

Then, the corresponding Ps energy distribution is given

by

f(E)dE oc v E p(/2mp, E)dE.

Figure 7 shows the energy distribution calculated &om
the p-Ps component shown in Fig. 2(a) using Eq. (4).
It can be seen &om the 6gure that energy distribution of
Ps with the mean lifetime 125 ps has a peak at E = 0.8
eV.

The Ps kinetic energy lost per collision with an atom in
silica powder is approximately 10 4E [27] and the num-
ber of collisions in the present aerogel during the short
lifetime of p-Ps is a few' hundreds. The part of the en-

ergy lost before p-Ps annihilation is therefore only a few
percent of the initial energy. If there is no other energy
loss mechanism, it may be concluded that the energy of
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FIG. 7. Energy distribution of p-Ps f(E)

B. Model for Ps energy loss

We must develop an expression for the time depen-
dence of the average momentum of Ps interacting with
gas molecules. Let a Ps atom of velocity v elastically col-
lide with a molecule (mass M) of velocity V. The energy
loss of the Ps atom averaged over the scattering angle
(denoted by an overbar) and over the thermal distribu-
tion of the molecules (denoted by angular brackets) is
given by [36]

m 'U

mp, +M
M(V )5 cr

) o tot

where

the Ps atoms emitted &om the grain surfaces is approx-
imately 0.8 eV. This value is the same as the effective
potential barrier of the silica surface for Ps estimated by
Fox and Canter [28]. However, the value is considerably
smaller than that of the Ps work function for crystalline
quartz (—3.27 eV) obtained in a direct measurement by
Sferlazzo et aL [35] using a monoenergetic positron beam.
The reason for this discrepancy is unknown. Although a
small peak is seen at E = 3 eV in Fig. 7, it is diKcult
to conclusively relate with the observation of Sferlazzo
et al. because it resulted &om a small structure in the
ACAR data at around 5 x 10 mc in Fig. 2(a).

/2mp, E „(t)(E (t) — k~T-), (9)

where we have set M(V )/2 = (3/2)k~T. The approxi-
mation that M + mp, = M has been used. Equation (9)
can be easily solved as

1+we b' —' 3

where
20'~ A

6 = /3mp, kg) T

and A is a constant determined by the initial condition;
if the average Ps energy at t = 0 is E0, then

QEp —
2 kg) T

QEO + 2 k JBT
(12)

Now we further assume that the Ps energy loss process
due to the collisions with the silica grain surface may also
be described by Eq. (8) with the average energy loss on
collision (5) replaced by

2m m 'U

E
(13)

and the collision frequency by v, ,/L Here M, . is the
effective mass of the surface atoms and I is the mean
distance between the grains. If we assume that M, and
o are independent of the Ps energy, the average en-
ergy of Ps in the presence of both silica grains and gas
molecules are given by Eq. (10) with

where f, u is the collision frequency and n is the number
density of the gas molecules. The averaged velocity of the
Ps is approximated by root-mean-square velocity v, , of
Ps. Then we get the differential equation

o = 2vr (1 —cos 0)o'(8) sin 0do
0

is the momentum-transfer cross section and

f 2o. n
6 =

~

+ s
~
/3mp. k~T,M )

where we have introduced

(i4)

o, , = 2m o(9) sin &d8
0

is the total cross section for the elastic scattering with
o (0) being the difFerential cross section.

We assume that o and o.
q q are independent of the

Ps energy and that the time derivative of the averaged
Ps kinetic energy

mpsv mpsv
SV

2 2

is described by

2

LM,

which represents the effect of the collisions with the sur-
face.

Strictly, we should take the Ps velocity distribution
into consideration in these derivations. Such an approach
based on the Boltzmann equation will be discussed else-
where. The resulting formula for Ps thermalization is not
so different &om the above model.

Equation (10) represents the average Ps energy at time
t. The average Ps energy e „'(v) deduced from the
ACAR data by using Eq. (1) is, on the other hand, that
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The two different energies e (~) and s' „(w) are shown
vs w in Fig. 8 for the case b = 1.3 x 10s s i (corre-
sponding to M, = 20 amu if n = 0). The difFerence is

substantial and thus s (w) can hardly be regarded as a(i)

good approximation to e „(r).

C. Analysis of collisions with grain surface

The solid curve in Fig. 3 shows the result of fitting
s „(125ps) with n = 0 (vacuum) to s b' for p-Ps in three
different mean distances in two silica powder specimens
and one silica aerogel specimen. The optimized value of
M, in Eq. (15) is 13 amu. The dashed curve shows the
result of fitting s(„)(49 ns) to c b' for o-like-Ps in silica
aerogel. The optimized value for M, is 23 amu. In the
latter fitting we assumed that the parameter A in Eq.
(17) is equal to the value obtained in the former fitting.

If we fit s (r) to the data, the optimized values of
M, are 22 amu for p-Ps and 112 amu for o-like-Ps. The
reason that the analysis using s „(w) gives a larger M,
can be understood from Fig. 8 which shows that e is
smaller than c for the same w.(2)

In both cases, M, for p-Ps is smaller than that for
o-like-Ps. This indicates that the energy transfer to sil-

for Ps atoms with the mean lifetime v. averaged over time
&om t = 0 to oo. A simplest approach to relate these is
to compare s „'(~) to a "typical" energy

('.)( ) = E-( )

where E „ is given by Eq. (10) [11,20,21]. Sauder [36]
estimated the lower limit of the thermalization time of Ps
in Ar gas by comparing this with s b'(w) obtained in the
AGAR measurement for high pressure Ar gas. However,
it is more appropriate to compare s „'(v) with

ica per collision becomes more dificult as the Ps kinetic
energy gets lower [29].

D. Analysis of collisions with gas molecules

The momentum-transfer cross section o between Ps
and the gas molecule was estimated by comparing s (7')
with e ', where v is the mean lifetime of the Ps in-
cluding the effect of the pickoff annihilation with the gas
molecules. We determined the two parameters A and 6
by solving the simultaneous equations of the type (17) for

(~ = 125 ps) (p-Ps) and s „(v 50 ns) (o-like-Ps)
numerically. For M„which represents the effect of colli-
sions with the silica grains, we used the value for o-like-Ps
in the silica aerogel in vacuum (23 amu). The values for

the momentum-transfer cross section 0 thus obtained~ (2)

are listed in Table I. The values estimated using s (r)
and M, = 112 amu are also listed for reference (denoted

by oli))
The cross section o is more meaningful than o

~ (2) ~ (i)

since e is defined through realistic averaging. How-

ever, the values for o should be regarded as upper lim-(2)

its because we have assumed, for the sake of simplicity,
that M, is independent of the Ps energy in spite of the
energy dependence of M„as discussed in Sec. IVC.
More reliable values of the cross section can be obtained
through measurements with varying the lifetime of o-like-
Ps by changing the magnetic Aux density. However, such
a series of the measurements takes long time and will be
included in the subject on the next stage of our work.
(Preliminary results for He have been reported in Ref.
[231.)

In the present analysis, the scattering between Ps and
gas molecules is assumed to be elastic. This assump-
tion should be valid for inert gases. It is known that in
the case of electron-molecule collisions the electron en-
ergy loss per collision is much larger for molecular gases
than inert gases [39]. This is because the electron excites
the vibrations or rotations of the polyatomic molecules.
If this is also the case for Ps-molecular gas collisions,
the above analysis, which takes only the elastic collision
into account, would result in abnormally large "effective"
cross sections for molecular gases. To check this, we com-
pare our deduced cross sections with the "geometrical"
cross sections

%1SC &2
vxsc ( m&&]ss + Ps 1

where r "j,is the radius of the molecules estimated &om
the viscosity ineasurements [38] and rp, is the radius of
Ps, which is taken to be the same as Bohr radius of the
hydrogen atom. (Note that the center of mass of Ps is
located midway between the electron and the positron. )
The ratios o /o;„are also listed. No tendency is seen
that the ratios for the molecular gases are larger than
those for the inert gases. This shows that the scattering
is essentially elastic for molecular gases too. This is in
accord with the following simple consideration.

For an internal level of energy hv of a gas molecule to
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where d ~ is the molecular diameter and e is the speed
of the Ps. Qn the other hand, since Ps must have kinetic
energy at least as large as hv to excite the mode, v must
satisfy

v & /2kv/mp, . (20)

Rotational states are separated typically by 10 eV. The
interaction time of the Ps having suKcient kinetic energy
to excite the modes of a molecule of size ao (Bohr radius)
is therefore 7;.„t & 4 x 10 s. This is much shorter than
the corresponding rotational period of v 4 x 10 s.
In addition, in the case of vibrational excitation of typical
energy 0.1 eV, 7j„t & 4 x 10 s is much shorter than
the corresponding vibrational period of v 4 x 10
s. This is in contrast to the case of electron scattering
with molecules, where the range of the dipole interaction
is much longer than the sizes of the molecules.

We list in Table I o /M as a measure for relative ther-
malization rate where M is the mass of the gas molecule.
These values are consistent with the recent observation
by Westbrook et aL [39], who found that the rate of Ps
thermalization in iso-C4Hqp is similar to Ne, in contra-
diction to their initial expectation. Our data indicate
that the thermalization in He and H2 gas is considerably
faster than that in iso-C4H~p. Thus He and H2 are more
suitable for quick thermalization of Ps than iso-C4H] p.

Several authors have measured the total scattering
cross section, which should be close to the momentum-
transfer cross section at low energy. In 1975, Spektor
and Paul [40] estimated the total scattering cross sec-
tions for Ps in He, Ne, Ar, Kr, Xe, N~, and iso-C4H~p
gases by studying the diffusion of Ps with the positron
lifetime measurement. The obtained cross sections are
three orders of magnitude smaller than our values of 0 (2)

Recently, Zafar et aL [41] estimated the total cross sec-
tions for He and Ar to be (1.8—2.8) x10 ~s crn and (4.5—
7.6) x10 ~s cm, respectively, in the 7 —41 eV Ps energy
range by using Ps beam technique. They further made
the first direct Ps beam measurement for Ar in the energy

be effectively excited by the Ps impact, the interaction
time 7;„t must be on the same order of magnitude as the
period. v . Since both the Ps and the molecule are neu-
tral, the interaction is van der Waals type and significant
only when they come close to each other. Thus w;„& is
given by

Tint dmo1/U &

range between 10 eV and 70 eV and obtained revised val-
ues that range from 8.9 x 10 cm to 14.6 x 10 cm
[42]. Coleman et at. [14] estimated the Ps-atom scatter-
ing cross section from two-dimensional ACAR measure-
ment for He, Ne, and Ar using the gases themselves as Ps
formation media. Their estimation gives about 8 x 10
cm for thermal Ps for all the gases. These values lie
within our upper limit values.

Theoretical investigations have been also performed
for He and H2. For He, Fraser et aL [43] and Barker
and Bransden [44] reported their calculated momentum-
transfer cross sections at the Ps energy of 0.272 eV to
be 10.6 x 10 cm and 8.25 x 10 cm respectively.
Drachman and Houston [45] and Peach [46] reported the
total scattering cross section at the Ps energy of 0 eV to
be 6.8 x 10 cm and 1 x 10 cm, respectively. In
order to examine these values, more precise meaurement
is necessary. For H2, Comi et aL [47] calculated the total
scattering cross section to be 149.4 x 10 cm . Our
results suggest that this is too large.

V. CGNCLUSIONS

We performed ACAR studies of thermalization for Ps-
silica grain surface collisions and the momentum-transfer
cross section for the Ps-gas molecule collisions. Silica
powders and silica aerogel were used to form Ps. The
Ps energy transfer to silica per collision becomes more
diKcult as the Ps kinetic energy gets lower. The esti-
mated momentum-transfer cross sections for He, Ne, Ar,
Kr, Xe, H2, CH4, iso-C4H~p, and CO2 are listed in Ta-
ble I. These values should be regarded as upper limits
of the cross section. They show that the Ps energy is
transferred only to the translational motion of the gas
molecules, i.e., the excitation of vibration and rotation
of the molecules are negligible. As a consequence, Ps
thermalization is considerably faster in He and H2 than
in other gases.
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