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Thermalization of Positronium in Gases
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The thermalization of positronium (Ps) formed at a few eV in gases is investigated using ti
resolved, Doppler broadening measurements of the annihilation photons. Magnetic quenching pe
energy measurements about 40 ns after Ps is formed inH2, N2, He, Ne, Ar, isobutane, and neopentane
The thermalization rate is measured by changing the gas density, and a classical elastic scattering
section and a Ps formation energy are determined. The impact of Ps thermalization on decay
experiments using gases is also discussed. [S0031-9007(98)05946-8]

PACS numbers: 36.10.Dr, 34.50.Bw, 78.70.Bj
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Collisions between normal gas atoms and the exo
atom positronium (Ps, positron-electron bound state) a
interesting and unique because Ps is so light relative
its target. Hence Ps, formed at typically a few eV in
most gases, will thermalize very slowly if elastic scat
tering is the only available energy loss mechanism.
the elastic case, the fractional energy loss per collision
only of ordermyM , 1024 (m is the Ps mass,M is the
atomic/molecular mass.) The low energy Ps-atom col
sion is also inherently quantum mechanical in nature sin
the de Broglie wavelength of Ps below 1 eV is greate
than 9 Å, larger than the classical geometric atomic siz
Moreover, it was recognized early [1] that cross sectio
calculations must include the polarization/Van der Waa
interaction and electron exchange. These features app
ently complicate the calculations of cross sections, do
presently including the exchange interaction for only one
and two-electron systems scattering Ps (H: [2]; H2: [3];
He: [4–9]). For example, the calculations for Ps-He ela
tic cross sections differ by as much as a factor of 5 whi
theH2 calculation will be seen to be at least a factor of 1
above experimental results. Our present results will u
derscore the need for improved cross section calculatio
Improvements in understanding the fundamental Ps-ato
interaction will, in turn, through knowledge of scattering
lengths, improve the understanding of Ps interactions wi
surfaces of condensed media.

Positronium as a scattering probe offers a unique e
perimental advantage since its annihilation into two pho
tons provides a mechanism for determining its velocit
and hence the rate of thermalization and the momentu
transfer cross sectionssmd for gas targets. Previous mea-
surements of Ps thermalization in gases [10–12] have
used the technique of angular correlation of annihilatio
radiation (ACAR) in which the small deviation from col-
inearity of two 511 keV photons is a measure of thetrans-
versePs momentum. Such ACAR measurements in pu
gases are difficult because the lowb-decay positron stop-
ping power of the gases spreads out the Ps source so
to degrade the resolution to low energy Ps [10]. A se
ond approach is to use silicasSiO2d aerogel filled with the
target gas to produce a compact source of Ps [11]. Th
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procedure suffers from the systematic complication of d
convolving the effect of the Ps-aerogel collisions [11,12
Furthermore, these ACAR techniques are not time r
solved in that they do not distinguish the age of the P
when it annihilates.

In this Letter, we report the measurement of Ps therm
ization rates, formation energies, and momentum trans
cross sections in purely gaseous target using time-resol
Doppler Broadening Spectroscopy (DBS). In this compl
mentary technique to ACAR, the Doppler broadening
the back-to-back annihilation photons observed in a sing
high-resolution Ge detector is a measure of thelongitu-
dinal momentum of the annihilating Ps. Timing infor
mation as well as DBS is derived from the Ge detect
signal, enabling the direct correlation between age and
ergy of the Ps to be determined. The rate of thermalizati
and the average formation energy of Ps can then be de
mined. The gases used in this investigation include H
H2, and Ar for comparison to the theoretical calculation
[3–7] and/or experimental results [12]. Also included a
all of the gases used in a recent, precision orthopositro
ium (o-Ps) decay rate measurement [13]: Ne,N2, isobutane
sC4H10d, and neopentanesC5H12d. The thermalization
of Ps in these gases is an important systematic conc
[13] to ensure that the collisional annihilation rate is con
stant throughout the time interval when the decay ra
is measured.

The thermalization rate of Ps in a noble gas was calc
lated 30 years ago by Sauder [14], under the assumpt
of classical elastic scattering, i.e., an energy-independ
cross section for energy loss (momentum transfer)sm

which was interpreted as the classical geometrical atom
cross section. If Ps is formed at only a few eV, below th
5.1 eV threshold for excitation of the Ps or the noble g
s.10 eVd and slow enough to avoid collisional dissocia
tion, Sauder’s elastic model may be appropriate. The
kinetic energyEstd, as it asymptotically approaches ther
mal energy,Eth, is given by [11,14]

EyEth  coth2sb 1 Gntd , (1)

whereb is related to the average initial energyE0 of Ps
that can eventually thermalize: coth2 b  E0yEth. G is
© 1998 The American Physical Society 3727
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the rate of thermalization normalized to the gas numb
densitysnd. The value ofsm is related toG from [14]

G 
mM

sm 1 Md2
sm

s
2Eth

m
ø

sm

M
pth , (2)

where pth is the momentum of thermalized Ps. Eve
when b ø 0 sE0 ! `d, Ps approaches thermal equilib
rium with a characteristic timet  sGnd21, such that
after times oft, 2t, and3t, Ps has slowed to within 70%
8%, and 1%, respectively, ofEth.

Measuring o-Ps thermalization with time-resolved DB
of the 511 keV photons was first done by Changet al.
[15] with o-Ps in evacuated SiO2 aerogel. In this tech-
nique, a magnetic field (B0  2.85 kG in our apparatus)
perturbs and admixes the twom  0 Ps states. The field-
perturbed o-Ps state has a vacuum lifetime of 52 ns
B0 compared to 142 ns for the two unperturbedm 
61 o-Ps states. The perturbed o-Ps state also decays 6
of the time by2g, yielding the 511 keV photons required
for the DBS measurements. A high-resolution Ge dete
tor observes the energy spectrum of the 511 keV photo
from o-Ps formed and decaying in gases. The appa
tus is essentially the same as [13] (see Fig. 1 there
with the Ge detector situated above the gas chamb
A delayed time window, 30–50 ns after prompt even
(parapositronium and directe1e2 annihilation), selects
o-Ps events for energy analysis; the Ge detector has
outputs, one used for timing and the other for ener
spectroscopy. The intrinsic resolution of the Ge detec
sFWHM  1.20 keVd is calibrated using the 511.86 keV
nuclearg ray obtained from a106Ru source.

The spectrum containing the 511 keV o-Ps peak is mo
eled as the sum of two Gaussians with the same centr
and a step function (at 511 keV) in the background. The
shapes are then convolved with the intrinsic resoluti
obtained from the106Ru source. A region of619 keV
surrounding the 511 keV peak is fit with the resolution
convoluted, two-Gaussian shape, as shown in Fig. 1. T
Doppler broadening of the o-Ps is measured by thenar-
rower of the two Gaussians. The wider Gaussian conta
a number of components involvinge1 annihilation with
higher momentum molecular electrons, including (1) a
nihilation of o-Ps colliding with gas molecules; (2) direc
annihilation of slowe1, i.e.,e1 that have lost too much en-
ergy to form Ps; and (3) uncorrelated, random backgrou
in the delayed time window. The3g o-Ps continuum spec-
trum, which cuts off at 511 keV, and small-angle compto
scattering of 511 keV photons lead to the step function
the background. The background is fit to two straight lin
with slopes on either side of the step. A small fraction
o-Ps3g continuum decays will have two photons emitte
in almost the same direction, so that both simultaneou
strike the Ge detector. This2g effect leads to a tail on the
high energy side of the 511 keV peak [16]. A 1.6-mm
thick Pb shield is placed between the detector and the
source in order to reduce this2g tail to a negligible ampli-
tude as shown in Fig. 1.
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FIG. 1. Typical thermalization data. The Doppler broadene
511 keV photopeak is resolved into two Gaussians, a s
background, and a2g tail. The first three components are
shown convoluted with the intrinsic detector resolution; the2g
tail is also convoluted with the narrow Gaussian.

The direct annihilation ofe1 is not well described by
a single Gaussian [17] due to annihilation with high mo
mentum core electrons. Therefore, if the relative fra
tion of slow e1 annihilation becomes too large, the fi
obtained for the narrow component becomes speciou
broadened. To minimize this effect we have utilized
variety of functional forms to fit the wide component
with the most successful being a “modified” Gaussia
(the Gaussian exponent of 2.0 is replaced with an e
pirically determined value of 1.64). Then, if the narrow
component fitting with modified and Gaussian wide com
ponents is not consistent, it is excluded from the fin
results. Data not used for this reason are low press
isobutane and neopentane and higher pressures ofH2, He,
Ne, Ar, andN2. Two systematic errors are included in
the results to account for residual model dependence a
resolution variations. For Ne and Ar, the model depe
dence systematic is the largest contributor to the final er
in the thermalization rate. The intrinsic resolution of th
Ge detector also limits the minimum narrow Gaussia
width reliably fitted to 40% of the intrinsic Ge width.

The fitted result for the width of the narrow Gaussia
(FWHM: WPs in keV) is used to calculate a rms averag
energy of o-Ps (E in eV) from [18]

EseVd  f1.0288WPsskeVdg2 . (3)

In deriving this Doppler broadening formula, it is only as
sumed that the thermalizing Ps has a Maxwell-Boltzma
distribution of isotropic velocities which then yields a
Gaussian in the DBS spectrum. There is no eviden
from this investigation that the narrow Ps component
not a Gaussian, but sensitivity to this feature is not high
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Using this method,E is determined after various
numbers of gas collisions by changing the density
the gas while keeping the delayed time window fixed
30–50 ns. It is important to note that this observatio
of thermalization is model independent, in contrast to t
previous ACAR studies [10–12]. The values ofE vs nt
can then be related to the classical elastic thermalizat
model by inverting Eq. (1) to yield arccoth

p
EyEth 

Gnt 1 b. In Fig. 2, we plot arccoth
p

EyEth vs nt,
where t  38 ns is the weighted average of the delaye
time window andn is expressed in amagats, the densi
unit corresponding to one atmosphere pressure at S
for which n  2.69 3 1019ycm3. The slope of the lines
in Fig. 2 is thereforeG, the thermalization rate at one
amagat, and the interceptb determines the average initia
energyE0. Results forG andE0 are found in Table I.

As can be seen in Fig. 2, a clear advantage of th
nt-resolved DBS technique over the ACAR methods
that one can test the validity of the elastic thermalizatio
model by observing the linearity of the data. The goo
linear fits of the noble gas data are not surprising, giv
our limited sampling range of o-Ps energies. Howeve
for polyatomic gases whereinelasticscattering dominates,
the curve should roll over at highnt as some of the inter-
nal degrees of freedom become less accessible at lowE.
The fitted slopes should therefore be considered an “eff
tive G” for this particular o-Ps energy range. In addition
asnt ! 0 all of the data approach nearly common inte
cepts corresponding to average initial energiesE0 in the
range of 2–4 eV. This is completely consistent with th
expectation that Ps withE . 6.8 eV (the Ps binding en-
ergy) will likely dissociate before thermalizing, and henc
values ofE0 ø 6.8y2 eV are reasonable.

The slopes of the data in Fig. 2 and the correspondi
fitted values ofG in Table I, and hencesmyM, vary by

FIG. 2. Fits to Sauder’s thermalization model [13]. The slop
of each line gives the Ps thermalization rate for the indicat
gases. The zero intercepts are the average initial energ
Only the fitted lines are shown for isobutane, He and Ne. The
data are omitted for clarity.
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nearly a factor of 20 and apparently order by the mass
the atom struck, along with somemolecular size factor.
Specifically, theN2 data fall between He and Ne with
M values of 4 and 20, respectively, consistent with th
atomic mass of 14 for N. TheH2 and hydrocabons, for
which we assume H is the struck atom, all thermalize P
faster than He and order by molecular size (i.e., numb
of H atoms). Clearly, the molecular masses of isobuta
and neopentane, 58 and 72, respectively, are not explici
relevant. Such trends can be qualitatively understoo
from the fact that Ps, even thermalized, is so fast th
collision times permit only the struck atom to recoil, no
the whole molecule. These intuitive results are quite di
ferent from those in Ref. [11] in which the thermalization
rate determined by ACAR is claimed to be equal for H
[12], Ne, and isobutane.

Unfortunately, quantitative comparison with previou
ACAR measurements is difficult because the results
Ref. [10] are not absolute, but relative, measurements (a
hence no errors are quoted), and the results in Ref. [1
are subject to a systematic error in the treatment of t
aerogel thermalization effect and values ofsm for He,
H2, and Ar have subsequently been revised downward
factors of 3–5. The revised values [12] to be compare
with those in Table I are now (in units of10216 cm2)
smsHed  11 6 3, smsH2d  17 6 5, and smsArd 
15 6 10. Although these cross sections are for a P
energy ofE , 0.3 eV, somewhat lower than our average
E of about 1 eV, the agreement for He andH2 is still not
good. The theoretical and experimental results for the
two gases are summarized in Fig. 3. The calculatio
of smsH2d [3] is probably too high, having neglected
polarization effects. There is also a wide spread in th
He calculations, especially considering recent unpu
lished results [8,9] which are significantly lower than
the published values and in agreement with the prese
measurement. Our He value may be consistent with t
scattering length measurement [19] and calculation [
(the zero energy cross sections in Fig. 3) if the energ

TABLE I. Results of Ps thermalization measurements i
gases. The table displays1yG, the inverse of the Ps thermal-
ization rate per amagat (am.), i.e., at one atmospheric press
(STP); the average formation energy for Ps,E0; the energy in-
terval of the measurements,DE; the derived elastic scattering
cross section for momentum transfer,sm. For molecular gases,
it is assumed thatM in Eq. (2) is that of the molecule.

Gas 1yG sns 3 am.d E0 seVd DE seVd sm sÅ2d

H2 35 6 6 3.910.9
20.7 0.54–2.35 2.4 6 0.4

He 72 6 11 4.011.5
21.0 0.38–1.45 2.3 6 0.4

Ne 147 6 22 3.110.4
20.3 0.38–1.93 5.7 6 0.8

Ar 257 6 50 2.2210.09
20.09 0.88–2.05 6.5 6 1.3

N2 115 6 12 2.0610.10
20.09 0.48–1.85 10.2 6 1.1

C4H10 17 6 2 3.412.1
21.1 0.31–0.80 144 6 19

C5H12 14 6 1.2 3.310.7
20.5 0.27–1.42 208 6 17
3729
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FIG. 3. Comparison ofH2 and He experimental results and
theoretical elastic cross sections. The molecular mass forH2
is used forM in Eq. (2).

dependence ofsmsEd is strong enough. Without knowl-
edge of this energy dependence, detailed compariso
between measurements at different energies is speculat
The clear conclusion to be drawn from Fig. 3 is tha
complete, detailed calculations ofsmsEd in this energy
regime are warranted. Refinements in the DBS techniqu
should also be able to provide more data onsmsEd for
energies below 1 eV.

One important implication of these direct measurement
of Ps thermalization involves the constancy of the fitted
decay rate in precision measurements [13] of the o-Ps a
nihilation decay rate in gases. The results herein indica
that at the lowest pressures utilized in Ref. [13] the P
might still be about20% above room temperature at the
beginning of the time window used for decay rate analy
sis. It should be noted that this estimate involves an ex
trapolation to Ps energies well below that encountered
this thermalization experiment, but the central conclusio
remains that Ps was not completely thermalized in th
decay rate measurement. To determine the correction
the fitted decay rate due to imcomplete thermalization,
is essential to perform a separate experiment to determi
how the Ps-atom collisional annihilation cross section de
pends on energy/temperature [20].

In conclusion, we have performed the first model-
independent, direct measurements of Ps thermalizing
gases. For the seven different gases studied, reasona
fits are obtained to a simple elastic theory with constan
cross sections over the Ps energy range 0.27–2.3 eV. T
surprisingly linear molecular fits and the noble gas result
indicate that swiftly moving Ps scatters from a single atom
in the molecule, simply H for the hydrocabons. The dis
parity in the theoretical cross sections demonstrates th
need to fully account for both polarization and electron
3730
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exchange effects. It also compounds the difficulty o
comparing theory with experiment in a case where o
He andH2 results using DBS are not in agreement wit
those using ACAR. These cross sections appear to
significantly smaller than previously thought. The slow
thermalization rates determined herein demand further
vestigation of incomplete thermalization in precision o-P
decay rate measurements.
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