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Doppler-broadening measurements of positronium thermalization in gases
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The formation and subsequent thermalization of positronium~Ps! produced at a few eV in gases are inves-
tigated using time-resolved Doppler-broadening measurements of the annihilation photons. A static magnetic
field quenches the Ps enabling Doppler energy measurements from 25 to 70 ns after the Ps is formed. Varying
the gas density permits a significant range of the thermalization process to be observed. Seven different gases
are studied, He, Ne, Ar, H2 , N2, isobutane, and neopentane. A classical elastic scattering model fits all the gas
data reasonably well. For each gas, an elastic scattering cross section and an average Ps formation energy are
determined from the classical model fit. When comparisons can be made, these cross sections are often
significantly smaller than most quantum-mechanical-theory predictions and most previous experimental results
obtained using the angular correlation technique. Various systematic tests have been applied to the apparatus
and the analysis, reinforcing the discrepancy with previous works.
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I. INTRODUCTION

The formation of positronium~Ps!, the positron-electron
(e1e2) bound state, can occur in gases as faste1 slow down
toward thermal energies. In the ground state, Ps is a triple
spin-one states called ortho-Ps (o-Ps! and a singlet, spin-zero
state called para-Ps (p-Ps!. In vacuum,o-Ps decays into 3g
with a lifetime of 142 ns (lT51/t57.0 ms21) andp-Ps de-
cays into 2g in 125 ps (lS58.0 ns21). If Ps is formed in
gases near atmospheric pressure with a kinetic energy gr
than its binding energy of 6.8 eV, collisional dissociati
with the gas occurs rapidly@1#. There is a range of lowe1

energies, called the O¨ re gap @2#, where low-energy Ps is
formed and lives long enough to be observed to annihil
With an initial energy of several eV, this Ps will frequent
collide with the gas, losing energy and approaching ther
equilibrium with the gas. It is this thermalization process th
we wish to study.

Since Ps is neutral, there is no direct Coulomb interact
when scattering with the gas. Assuming that electronic e
tations or other inelastic processes are too high in energ
be accessed, only elastic scattering can thermalize Ps
elastic electron exchange interaction is operative between
e2 in the Ps and one of thee2 from the gas molecule. Also
Ps is strongly polarizable, which together with exchan
results in a relatively strong interaction with most gases. R
orous calculations of the Ps energy-loss process are
tremely complex. In principle, all excited states in Ps and
gas must be included in the calculation, as well as effe
only appearing in higher order. Consequently, only the s
plest systems are calculated and even then approxima
are necessary@3#. Unfortunately, different types of calcula
tions give differing results. Early calculations yielded cro
sections that were systematically too large@1#, reinforcing
the misconception that Ps always thermalizes rapidly
gases.

The direct measurement of Ps-gas cross sections, us
collimated beam of Ps atoms incident on a gas cell, has b
done at University College, London@4–7#. Unfortunately,
these measurements are unable to access Ps with an e
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less than 10 eV, due to problems in forming the collimated
beam. The nondissociative thermalization process begin
energies below 10 eV and therefore the London cross
tions @4–7# are not directly applicable, except that the
sometimes can be compared with the same theoretical ca
lations of the cross sections.

Previous experiments to directly investigate Ps therm
zation in gases have all used the angular correlation of
annihilation radiation~ACAR! technique. In ACAR, two
511-keV photons are examined for the roughly 1-mrad an
lar deviation from 180°, which measures the transverse m
mentum of the annihilating system. No time selection
isolating Ps states is presently possible with high-resolu
ACAR, although efforts in that direction have recently beg
@8#. A further complication is the requirement of small sour
volumes for high-resolution ACAR. Typicale1 initial ener-
gies are hundreds of keV from radioactive sources, requir
large gas volumes or high pressures to stop thee1. Two
approaches have been taken toward this problem. Firs
small gas chamber and very low count rates yielded o
qualitative results@9#. Relative measurements between d
ferent noble gases at 1-atm pressure showed essential
differences. A roughly atomic size cross section was infer
for elastic scattering between the Ps and a gas atom@9#. The
second approach compared ACAR spectra of silica aero
in vacuum and then with 1-atm pressure of gas admitted
the aerogel@10,11#. Microvoids in the aerogel are a low
quenching region foro-Ps, that is, there are very few coll
sions betweeno-Ps and the walls of the microvoids tha
cause rapid singlet state annihilation. Adding gas to the a
gel, one effectively obtains many small gas chambers for
The Ps is formed in bulk silica, but can thermally diffuse
a surface, from where the Ps is ejected at roughly 0.3 eV
a void @11#. Adding gas to the aerogel, one hopes the sil
surface and the bulk remain unchanged so that the Ps eje
into the voids has the same energy distribution in vacuum
with gas. The validity of this assumption and their resu
will be discussed later.

Our initial results were briefly reported in Ref.@12#. The
measurements are done with time-resolved Dopp
©2003 The American Physical Society04-1
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broadening spectroscopy~DBS!. Only one of the two 511-
keV g rays is observed in a single high-resolution Ge det
tor. In almost all applications a larger 511-keV peak width
readily evident compared to a nearby nuclearg-ray peak, a
broadening due in our case to Ps motion. A static magn
field, usuallyB52.85 kG quenches some of the long-live
o-Ps by mixingm50 states@13#. The magnetic quenching
also introduces a 2g decay component into theo-Ps m50
substate. This 2g component is the basis for time-resolve
DBS measurements and, in favorable cases, leads to a d
nating component of very narrow width in the Doppler spe
trum. The intrinsic resolution of the Ge detector is remov
in the analysis. The width of the remaining component
directly related to theo-Ps kinetic energy when annihilating

All measurements are performed using a single, tim
delayed window, usually 30–50 ns after Ps is formed,
Doppler analysis. By raising or lowering the gas density,
Ps thermalization process can be observed after more or
collisions, tracing out the energy-loss process. It should
noted that this procedure is independent of any assu
model of Ps thermalization, in distinction with previou
ACAR measurements@9–11#.

This study began as a systematic investigation of ano
lous quenching effects ino-Ps decay rate measuremen
which used the gases Ne, N2, isobutane, and neopentan
pure and in mixtures@14–16#. Available information at that
time on o-Ps thermalization indicated that no significa
problems should have been encountered. However, it
clear from the analysis of theo-Ps decay rate data tha
anomalous effects were occurring at early times and low
densities@14–16#. The thermalization ofo-Ps was suspecte
and led to these investigations. Indeed, we have found
the thermalization process proceeds significantly slower t
was previously believed. The effect on theo-Ps decay rate
experiment has been investigated by a gas quenching ex
ment@17# and by simulations of the decay rate experimen
data@18#. Three additional gases, beyond the four used in
gas decay rate experiment, have also been studied. T
results are for further comparisons with other experime
and/or theory. Since our previous paper@12#, more data have
been acquired with some of the gases. Further, a numbe
trials have been run for some gases with various system
changes in the static magnetic field and the delayed t
window used to observeo-Ps decay. Finally, a new analys
that is systematically much more robust@19# than that in our
previous work@12# has been applied to all of the gases. On
small changes from our previous values@12# are presented
here.

II. CLASSICAL THERMALIZATION CALCULATION

The thermalization of Ps formed in a noble gas has b
calculated by Sauder@20# under certain assumptions. Princ
pally, classical elastic scattering between the Ps and the
atoms is assumed. That is, there is a velocity-indepen
elastic scattering cross section,s, interpreted as the classica
geometric size of the atoms. Further, isotropic or ‘‘S-wave’’
scattering in the center-of-mass frame is assumed. If the
has a kinetic energy less than 5.1 eV, the lowest Ps excita
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energy, then Sauder’s description could be fairly accurate
noble gases require.10 eV for excitation.

Since Ps is light compared to the atom that it strikes, v
little energy is lost by Ps in each elastic collision,

DE

E
'

mPs

M
, ~1!

wheremPs is the Ps mass (2me) and M is the mass of the
struck atom. Values ofDE/E51024 to 1025 indicate that
numerous elastic collisions are required to thermalize a
atom starting at a few eV. From kinetic theory, the rate
collisions is

lc5nsvPs, ~2!

wheren is the gas density,s is the cross section, andvPs is
the Ps speed. Note, the gas atom motion can be ignored s
Ps is so light in comparison. Even when thermalized, P
moving much faster than the gas atoms.

Sauder’s classical elastic scattering theory of Ps therm
ization results in a concise expression for the rms aver
kinetic energyE(t) as Ps asymptotically approaches therm
energy,Eth5 3

2 kT @10,20#:

E

Eth
5coth2@b1Gnt#, ~3a!

whereb is related to the formation energy (E0) of Ps that
can eventually thermalize,

E0

Eth
5coth2@b#. ~3b!

G is the rate of thermalization normalized ton, the gas den-
sity. This type of gas density dependence for energy mod
tion will be shown to be a general feature of any model of
thermalization, classical or otherwise.~The essential quantity
is the number of collisions that Ps has undergone since
mation.! The density-normalized thermalization rate,G, in
Sauder’s model is

G5
mPsMs

~mPs1M !2
^vPs& th>

s

M
pth , ~4!

where pth is the momentum of thermalized Ps. Maxwe
Boltzmann distributions are used in the rms averaging,
plying a fairly broad distribution of energies occurs at a
given time after Ps formation.

Using Eq.~3a!, the approach of Ps toward thermal equ
librium with the gas at densityn can be characterized by th
thermalization time:t51/Gn. The functional dependenc
shown in Eq.~3a! implies an extremely rapid approach to th
thermal asymptote. Even from an infinite starting ene
(b→0), Ps has slowed to within 70%, 8%, and 1% ofEth in
timest, 2t, and 3t, respectively.

Inverting Eq.~3a! suggests a method to determine Ps th
malization rates,
4-2
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arccothA E

Eth
5b1Gnt. ~5!

Experimentally, we measureE while varying the product
(nt). If Sauder’s model is correct, plotting the energy as
Eq. ~5! versus (nt) should result in a straight line with slop
G and interceptb. In this manner, the model can be test
and, if correct, the thermalization rate and the initial ene
are thereby determined.

III. QUANTUM-MECHANICAL THERMALIZATION
CALCULATIONS

Sauder’s classical theory has two main assumption
constant cross section for energy loss,s, and onlyS-wave
scattering. Admitting higher thanL50 partial waves compli-
cates the quantum-mechanical description of the therma
tion process. The very low Ps energies encountered in
investigation, ;1 eV, indicates the dominance of th
S-wave component of the scattering amplitude. On the ot
hand, Sauder’s energy independent constant-cross-sectio
sumption must be seriously addressed, by quantum mech
cally accounting for all pertinent physical processes occ
ring during the scattering. In general, the appropriate cr
section to describe thermalization is the momentum-tran
cross sectionsm , sometimes called the diffusion cross se
tion @10,21#,

sm52pE
0

p

~12cosu!
ds

dV
sinudu, ~6!

where ds/dV is the elastic differential cross section. Th
momentum-transfer cross section differs from the total e
tic cross section by the factor of (12cosu) in Eq. ~6!.

In 1954 Massey and Mohr first considered the slow
down of Ps by inelastic and elastic collisions with atom
hydrogen gas@1#. Once thermalizing Ps is below the ener
threshold for electronic excitations, the inelastic chan
turns off. The effect of elastic electron exchange during c
lisions was estimated by Massey and Mohr using the Bo
Oppenheimer and other approximations, resulting in a cr
section of 22 Å2 at 6.7 eV, increasing to 200 Å2 in the zero
velocity limit @1#. The consequences from the polarizabil
of Ps were deemed negligible compared to electron
change, except at the very lowest energies. Massey and M
also point out, in analogy with electron-scattering calcu
tions, that these Ps cross sections are probably overestim
by an amount that increases as the energy decreases@1#.

A number of subsequent calculations of Ps scattering fr
atomic hydrogen, H, have been published. Exact calculat
using the first Born approximation have recently appea
@22#. Initially, a static exchange approximation was appli
to this problem @23–26#. More sophisticated, closed
coupling calculations, using a three-state approximat
@27,28# and an extensive 22 coupled pseudostate forma
@29#, are the present state of the art. The most recent re
@29#, for comparison with Ref.@1#, are 9 Å2 at 6.7 eV and
34 Å2 at 0 eV.
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Calculations of the Ps-H scattering lengths have hist
cally also been of interest since the scattering lengths
related to the zero energy cross section. Reasonable a
ment had been obtained in the 1970s between two inde
dent calculations of the scattering lengths@30–32#. The de-
rived cross sections at zero energy are 40 Å2 @31,32# and
50 Å2 @30#. More modern versions of these scattering leng
calculations have obtained cross sections in the range o
to 40 Å2 @33–35#. While it is difficult to assign a theoretica
error bar~s! to the preceding calculations, probably625% is
a reasonable estimate for Ps-H results. Numerous other
oretical papers have been published on Ps scattering f
atomic hydrogen focusing on various tests of techniques
other issues@36–40#. The first experimental step toward th
difficult problem has been the formation of Ps in atom
hydrogen @41#. Verification of the preceding Ps-H cross
section calculations remains for the future.

Two electron systems, He and H2 gases, are experimen
tally much easier to use for Ps formation. Theoretical cro
section calculations in the several eV range are numerous
Ps-He, but only three Ps-H2 analyses have been carried o
@42–44#. The more recent Ps-H2 cross-section calculation
obtain 3 Å2 in the zero velocity limit and 0.7 Å2 at 5 eV
@43,44#. The three-state coupled-channel analysis@43,44#
yielded much smaller cross sections than the older static
change calculation@42#, 170 Å2 at 0 eV and 11 Å2 at 5 eV.
The most recent Ps-H2 calculation@44# differs Ref.@43# only
at higher energies due to an improved treatment of ioniza
processes. Using the most recent H and H2 calculations as a
guide, the Ps cross section decreases by a factor of rou
three or four going from zero energy to 5 eV, a very stro
dependence compared to the constant-cross-section ass
tion in Ref. @20#.

Most of the Ps-He cross-section calculations predic
softer slope at low energy compared to the H and H2 results.
In Fig. 1 the calculations of the energy dependence of
Ps-He total elastic cross section that include the electron
change interaction are shown. It is believed to be essen
for accurate low-energy calculations to include the effects

FIG. 1. Elastic cross sections for Ps-He scattering: theory.
total elastic scattering cross section for He, as calculated by theo
that include the electron exchange interaction, is shown as a f
tion of the Ps energy.
4-3
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electron exchange during collisions@1,22#. Two scattering
length calculations@33,45# are also shown in Fig. 1. Never
theless, there is significant disagreement~about a factor of 7
at 5 eV! between different Ps-He calculations, but the sl
drop off of the cross section with increasing energy is e
dent for each curve. The difference between total elastic
momentum transfer cross sections,sm being the quantity
that we measure, will be addressed later. The calculation
Ps-He strongly disagree at energies below 10 eV both
shape and magnitude of the cross section. The calcul
zero-energy cross sections are 11.6 Å2 @46#, 9.1 Å2 @33#,
8.6 Å2 @34#, 6.8 Å2 @45#, 6.5 Å2 @47,48#, 3.3 Å2 @49#, and
2.7 Å2 @50#, differing by over a factor of 4. All calculations
predict a decreasing cross section with increasing energy
to 5 eV, but the slope at 1 eV is understandably three tim
larger in Ref.@46# compared to Ref.@50#.

There are two theoretical calculations of the Ps-Ne cr
sections versus energy@50,51# and one calculation of the
scattering length@34#, giving the zero energy cross sectio
The agreement between calculations is not good, with z
energy cross sections of 7.0 Å2 @50#, 14 Å2 @51#, and 8.4 Å2

@34# differing by a factor of 2. The situation for Ps-Ar cros
sections is similarly discrepant@34,50,51#. The zero energy
Ar cross sections are 9.6 Å2 @50#, 28 Å2 @51#, and 11.3 Å2

@34#, differing by a factor of 3. An overall universal disagre
ment exists for all cases of Ps-atom scattering calculat
except H, indicating the difficult problems introduced
elastic-scattering calculations with both projectile and tar
having internal structure. The heavier noble gases, Kr
Xe, are calculated only in Ref.@51#, but we have no data to
compare with this calculation. To our knowledge, there
no calculations for molecular targets other than H2.

A classical elastic scattering theory would seem to be
adequate to describe the interaction of few eV Ps with m
ecules. Unlike noble gases, molecules may have inela
electronic excitations that are energetically accessible du
Ps thermalization. In addition, there is a fine structure
molecular vibrational excitations superimposed on the e
tronic excitations and the ground state. For both H2 and N2,
the low-lying density of vibrational excitations is several le
els per eV@52#. Furthermore, a hyperfine structure of rot
tional molecular excitations dresses all of the abo
described levels. The scattering of Ps from a molecule m
include, in principle, contributions from these many possi
inelastic excitations, as well as the elastic-scattering com
nent.

Inelastic collisions will quickly remove energy from P
causing very rapid thermalization compared to the small
ergy losses@Eq. ~1!# in elastic scattering. Even though inela
tic cross sections are, in general, much smaller than ela
cross sections, inelastic cross sections could dominate s
parts of the thermalization process in molecules. A pertin
example is found in Ref.@42#. The first vibrational level in
H2 is 0.5 eV above the ground state. For Ps energies
above this threshold, the efficiency for inelastic collisions
remove energy~product of energy loss and cross section! is
about equal to that for elastic collisions. Clearly, any acco
of Ps thermalizing in molecular gases must address the i
of numerous possible inelastic channels for energy loss.
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While Massey and Mohr outlined these Ps scatter
problems almost 50 years ago@1#, limited theoretical
progress occurred in succeeding decades. Recently, incre
interest has been sparked by the gas ACAR results@9–11#
and this experiment@12# with low-energy cross sections an
at higher energies~10–100 eV! using a Ps beam to obtai
total cross section measurements@4–7#.

IV. EXPERIMENTAL APPARATUS AND TECHNIQUE

High-resolution Geg-ray detectors enable DBS of Ps fo
this experiment. The Doppler broadening of the 511-k
peak ing-ray energy spectra is due to a center-of-mass m
tion ~longitudinal component! with the respect to the labora
tory at the instant of a 2g annihilation. Application of time-
resolved DBS to investigateo-Ps thermalization was firs
done by Changet al. @53# in an evacuated SiO2 aerogel. This
technique utilizes a magnetic field to perturb and admix
two ms50 states, mixingp-Ps and one of the threeo-Ps
states into two new states, perturbedp-Ps and perturbedo-Ps
@13#. The ms561 o-Ps states are not affected by the fie
Each perturbed state is characterized by the field-free s
plus some of the otherms50 state mixed in. For perturbe
p-Ps, a small mixture ofo-Ps hardly makes any difference t
our observations. On the other hand, perturbedo-Ps is
strongly affected by very limited amounts ofp-Ps being
mixed in. For example, the vacuum decay rate of pertur
o-Ps,l8, can be significantly quenched with ordinary lab
ratory fields@13#:

l85
1

11y2
@lT1y2lS#, ~7a!

where

y5
x

11A11x2
~7b!

and

x5
2g8mBB

DEhfs
>

B

36.5 kG
. ~7c!

Typically, B52.85 kG is used for the gas thermalizatio
measurements. At this field, the perturbedo-Ps lifetime is
reduced to 52 ns from 142 ns atB50. Since this perturbed
state has somep-Ps mixed in, the usualo-Ps 3g decay is
accompanied by some 2g decays: 64% of the decays are 2g
events atB52.85 kG. This time-delayed 2g component is
used for the DBS measurements of Ps thermalizing in lo
density gases.

The Doppler-broadenedg rays have their energy mea
sured with a single Ge detector, crystal si
63 mm356 mm. The Ge detector resolution is 1.20 ke
~full width at half maximum, FWHM! at 511 keV. Through-
out this experiment, the instrumental resolution of the
detector is monitored on a daily basis using 662-keVg rays
from 137Cs. On a roughly monthly basis, a day-long calibr
tion run is obtained with only a106Ru source. The106Ru
4-4
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decay chain includes a'19%, 511.86-keVg ray. The in-
strumental resolution observed in the Ge detector for
nuclear line approximates to better than 1023 that for o-Ps.

The experimental apparatus is shown in Fig. 2. The m
net and gas chamber used in this experiment are essen
identical to the apparatus of Refs.@14–16#. As shown in Fig.
2, the Ge detector is situated above the gas chamber, re
ing the large volume plastic scintillator detectors used
Refs.@14–16#. Positrons emitted from a 2mCi 22Na source
must pass through a thin plastic scintillator~0.13 mm! before
entering the gas. The thin plastic signal is used to sta
timing system. The timing of this signal is taken to coinci
with Ps formation since positrons thermalize rapidly. T
magnetic field confines the positron trajectories to near
chamber axis where some stop and form Ps. A positron b
dump is at the opposite end of the gas chamber from
source region. Lead and tungsten shields are used at
ends of the gas chamber to prevent the Ge detector f
directly viewing the source or the beam dump areas.

A turbo-molecular pump is used to evacuate the
chamber. Fresh gas samples are installed weekly with p
sure rises of less than 0.2 Torr/week when sealed. Press
are measured with a capacitance baratron.

With a lifetime of 52 ns, the magnetically perturbe
events can be separated from prompt, short-lived eve
p-Ps and directe1e2 annihilation (t,1 ns). This separa
tion requires sufficiently good time resolution of the even
The Ge detector supplies two identical outputs; the firs
used for energy, the second for timing. The first goes dire
to a spectroscopy amplifier with 6-ms integration. The sec
ond timing output is amplified by3100 with 100-ns differ-
entiation and 100-ns integration. Constant fraction tim
discriminators are used for both this amplified and shaped
signal and the thin plastic scintillator signal from a coupl
photomultiplier tube. Timing discriminator signals are rout
to a time to amplitude converter. A time resolution of 13-
FWHM is obtained for prompt coincidences from th
system.

FIG. 2. Experimental apparatus. Positrons from22Na decay pass
through a thin scintillator and enter a gas chamber. A magnetic fi
confines the trajectories near the axis. Positrons that stop in the
can form Ps. Annihilationg rays are detected in a Ge crystal.
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A delayed time window, typically 30 to 50 ns after prom
events, is used to select mainly perturbedo-Ps events with
t552 ns. This window is essentially free of all prom
events at about the 1023 to 1024 level. Unperturbedo-Ps
decays from them561 substates are present in this delay
time window since their lifetime is near 140 ns. To get 2g
events from unperturbedo-Ps, it must be quenched during
gas atom collision. That is, annihilation occurs from theSW
50 state when the positron ino-Ps overlaps with an atomic
electron of the opposite spin. This type of collisional quenc
ing is called pick off and it affects each of the gases stud
here, as well as the perturbedo-Ps component@54#.

Another important mechanism to get 2g events into the
delayed time window involves ‘‘slow positrons’’ that hav
fallen below the O¨ re gap@2# and have lost too much energ
to form Ps. These slow positrons thermalize in the gas,
fusing and eventually directly annihilating to 2g. Slow pos-
itrons can live for a long time in gases at low densities,
number of slow positrons and their lifetime is also strong
gas dependent@55#.

The final contribution to events in the delayed time wi
dow is accidental, uncorrelated coincidences, i.e., rand
background. Accidental coincidences are essentially an a
age of all events, regardless of their timing. Because of
small solid angle of the Ge detector for viewing Ps decayg
rays, the accidental background is a significant componen
the delayed window events.

With so many possible contributors to the delayed tim
window, there is concern for systematics disturbing the m
surements. Additional delayed time windows, both ear
and later than the usual 30 to 50 ns, are employed in tes
understand and quantify systematic effects. Variations in
magnetic field, both higher and lower than the usualB
52.85 kG, are also employed in the tests.

As normally operated, a logic signal is generated indic
ing that an event is in the delayed time window. This sign
is used as a gating trigger for obtaining DBS data from
energy signal. An 8192 channel energy spectrum is acqui
but only 400 channels centered on 511 keV are actually a
lyzed. Typical total singles counting rates are 25 kHz in t
plastic scintillator positron detector and 800 Hz in the G
g-ray energy spectrum. Typical coincidence rates for the
layed timing window trigger are 1 Hz and 0.3 Hz into th
actual 511-keV peak in the DBS spectrum. Data are acqu
for at least one day at a particular gas density to obtain
ficient statistics for meaningful fits to our DBS model.

V. DBS DATA AND ANALYSIS

A time-resolved DBS spectrum is shown in Fig. 3 f
100-Torr neopentane along with a fit to a model describ
below. The prominent narrow peak at 511 keV is the sig
for this experiment due to perturbedo-Ps. The Doppler width
of this peak yields the longitudinal component of theo-Ps
velocity which then gives theo-Ps energy. Also centered a
511 keV, a second wider peak of reduced amplitude is sho
in Fig. 3. The origins of this wider peak are the backgrou
processes contributing to the delayed time window, as
from perturbedo-Ps. The wide peak processes are~1! pick
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off from o-Ps, perturbed and unperturbed;~2! slow positrons;
and ~3! random accidentals. The amplitude and width of t
wide peak are observed to depend on the gas compos
and density.

Away from the peaks in Fig. 3, an asymmetric bac
ground is observed. The background on the right~higher
energy! is due, in part, to accidental coincidences from hig
energyg rays that Compton scatter in the Ge detector w
only partial energy deposition. Another mechanism involvi
Ps for the right side background is the summing of twog-ray
energies where oneg ray goes directly from the annihilatio
site to the Ge detector. A secondg ray from the same decay
emitted in roughly the opposite direction can Compton sc
ter in nearby material. If the reemittedg ray hits the Ge
detector, its extra energy will be summed with the firstg ray.
The energy dependence for both background processe
smooth enough that a straight, sloped line can adequate
the data out to 19 keV to the right of the 511-keV peak.

The background on the left side~lower energy! of the
511-keV peak is enhanced by the addition of two new ba
ground mechanisms. The first is small-angle Compton s
tering of the 511-keVg rays in the intervening material be
fore getting to the Ge crystal. The second mechanism and
dominant source of left background events involve the thr
photon decay ofo-Ps. The single-photon energy spectru
from three-photon decay is continuous and rises from 0
511 keV where there is a sharp cut off@56#. The energy
dependence of the two new, nonpeak backgrounds is
sufficiently smooth that a sloped straight line can adequa
fit a region 19 keV to the left of the 511-keV peak.

Note in Fig. 3 at 511 keV, where the left and right si
backgrounds should exhibit a step function, the backgrou
on the two sides are smoothly connected. The step func
in the background has been convolved with the intrin
resolution of the Ge detector as determined from the106Ru
calibration runs. The 511.86-keV Rug-ray line shape, as

FIG. 3. Typical thermalization data. The Doppler-broaden
511-keV photopeak is resolved into two Gaussians, a step b
ground, and a 2g tail. The first three components are shown co
voluted with the intrinsic detector resolution; the 2g tail is also
convoluted with the narrow Gaussian.
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experimentally measured, is used as the Ge detector res
tion function at 511.0 keV.

In preliminary fitting, both the wide and narrow compo
nents at 511 keV are represented as Gaussians with ad
able widths and amplitudes and a single centroid. The Ga
ian peak shapes are also convolved with the Ge resolu
function before fitting. The peak shapes shown in Fig. 3
the narrow and wide components have been convolved w
the Ge detector resolution function. The actual width of t
narrow Gaussian alone for the run depicted in Fig. 3 is ab
0.5 keV, almost three times narrower than the narrow co
ponent shown in Fig. 3.

The final, very small feature in Fig. 3 is a two-photo
(2g) tail appearing at and just above 511 keV. The 2g tail is
due to a summing of energies from two photons emitted
almost the same direction from a single 3g o-Ps decay. If
both of the two photons strike the Ge detector, their energ
will be summed together. The phase space for such deca
small, but not negligible. To reduce the effect to the s
shown in Fig. 3, a 1.6-mm-thick Pb absorber is placed
front of the Ge detector~see Fig. 2!. The Pb absorber selec
tively attenuates the 2g tail events much more than the 511
keV g-ray signal events. The unconvolved shape of theg
tail is a sharp rise at 511 keV and then a roughly exponen
decrease at higher energies. The 2g tail shown in Fig. 3 has
been convolved with theo-Ps narrow Gaussian compone
and the Ge detector resolution.

In this apparatus, the 2g tail can be readily observed pro
truding to the right of the 511-keV peak only under spec
conditions: removing the 1.6-mm Pb shield and turning
the magnetic field. With no perturbedo-Ps, turning off the
field removes most of the two-photon decay events from
delayed time window, but not all. A much more sensiti
study of the 2g tail was performed in a similar previou
experiment@57# with o-Ps confined in a MgO-lined, evacu
ated cavity. The results of the previous tests@57,58#, com-
bined with the presentB50 observations, lead to the 1.6
mm-thick Pb shield.

The small-angle Compton scattering of 511-keVg rays
penetrating the 1.6 mm of Pb and the vacuum vessel
also studied with the Ge detector. A small-angle scattering
g rays removes a relatively small fraction of theg-ray en-
ergy. These scattering events result in an increased b
ground to the left of the 511-keV peak. The background
the left of the 511-keV peak originates mostly from sing
photon events from 3g o-Ps decay, but small angle scatterin
is a non-negligible component. The exact ratio of these t
processes depends on gas density and composition; typic
scattering is a few percent.

Of the various components discussed, the second w
peak provides the most difficulty for extracting the narro
Gaussian width. Modeling this wider component with
single Gaussian is clearly not correct since it comes from
number of sources. While each of these sources obtain
momentum from a bound electron and is therefore clea
wider than the primary narrow Gaussian, there is no rea
to believe that they are identical. This was addressed in
previous work@12# by fitting this component with both a
Gaussian and a non-Gaussian shape and comparing the
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FIG. 4. Effects of fit window. A simulation with two wide Gaussians and one narrow Gaussian is fit with only one wide and one
Gaussian. The fit to the simulated data is shown for fit windows of 60 and 400 total channels. Although the overall fit is excellent
cases, the narrow and wide Gaussians are much more accurate with the 60 channel fit window. In particular, the narrow Gaus
differs by 2.0 channels for the 400 channel fit and by only 0.2 channels for the 60 channel fit.
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results. This rudimentary method was a good test of the s
sitivity of the overall fit to changes in the shape of the mod
However, it was unable to provide a quantitative measu
ment of systematic uncertainties introduced by an inaccu
model of the wide peak.

Computer simulations are generated and fit in order
carefully study the systematic effects introduced by the w
peak. A simulated spectrum is generated using three Ga
ians, one for the narrow peak and two for the wider pe
This simulated spectrum is fit with only two Gaussians, o
for the narrow peak and one for the broader peak. The in
of the simulation is to quantify the effects induced by t
second wide Gaussian in the simulation on the overall fi
the spectrum. Figure 4 shows an example of a spectrum
erated by the simulation and the fit to that spectrum. For
purposes of this experiment, the only parameter impor
for determining the Ps energy is the width of the narr
Gaussian. Figure 4 depicts a scenario in which fitting a sp
trum with two Gaussians yields statistically good results t
are inaccurate in their fit of the narrow peak. Clearly, su
effects must be taken into account when fitting actual d
This can be accomplished by varying the window wid
about the peak that is fit. The systematic effect that ar
from an inaccurate model of the wide peak will vary as d
fering amounts of the wide peak are included in the fit. T
is demonstrated in Fig. 4@19#.

Our model of two Gaussians is certainly not a corr
representation of the numerous contributions to the wi
peak. Generating three Gaussians in the wider compone
the simulation was also tested in the above fashion. It w
found that this additional degree of freedom did not sign
cantly change the size of effects that could be induced in
fit to the narrow peak. Therefore, only two Gaussians w
used to simulate the wide peak.

In order to apply this technique to real spectra, each of
many spectra are fit with varying windows at a single pr
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sure. The results of all the runs for a single pressure are
averaged together to find the average value of the FW
and height of the two Gaussians for that pressure. The res
for each of these four parameters are then plotted versus
width of the fit window and compared with results from fi
of a simulation. The input parameters of the simulations
then adjusted until the results of the simulation fits are co
parable to the fits of the real data. Limits are assigned to
narrow component by adjusting the narrow component of
simulations until the simulation can no longer be made
match the real data. An example of this for 100 Torr of N2
can be seen in Fig. 5. The final result for the narrow Gau
ian width extracted for a given pressure is then the aver
of these limits with half of their difference as an estimate
the one standard deviation error bar.

This analysis is an improvement over that presented
our previous paper@12#. In that paper, depending on the ga
data were thrown out at both high and low gas densi
when there was difficulty separating the wide and narr
peaks. With the current analysis, this problem was elim
nated. Currently, data are eliminated when we are unabl
statistically separate the narrow peak from the energy re
lution of the HPGe detector. This occurs at the highest
densities of N2 and H2.

As an aside, the two next heaviest noble gases, Kr and
were run on our apparatus, each at a variety of densi
Unfortunately, the analysis specified above was unable
obtain reliable narrow component widths for these gases
therefore no thermalization results can be quoted. One in
esting, but crude observation during these runs is that th
event rates in our 30 to 50 ns time window for both Kr a
Xe did not show the dramatic reduction predicted by t
observed dearth@59# of long-lived Ps, i.e., a very small P
formation fraction.

The fitted result for the width of the narrow Gaussian
used to compute an average rms kinetic energy foro-Ps. The
4-7
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FIG. 5. Determination of the narrow width and associated error bars. The simulations for 200 Torr N2 are shown. The fits to the width
and height of the narrow and wide Gaussians are shown for various fit windows ranging from 60–400 total channels. Simula
generated and then fit to match the systematic shifts in the fit to each of the four parameters. The dashed line shows the simul
represent the limits of a good fit to the real data.
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o-Ps energyE, in eV, is given by@60,61#

E5~1.0288W!2, ~8!

expressing the Gaussian widthW ~FWHM! in keV. This
Doppler-broadening formula is derived assuming the th
malizing Ps has a Maxwell-Boltzmann distribution of isotr
pic velocities. A thermal, isotropic distribution of velocitie
becomes a Gaussian in the DBS spectrum. It is clear tha
the time of formation, the Ps velocities are isotropic, b
certainly not a simple thermal distribution at some eleva
temperature. The simplest O¨ re picture @2# of Ps formation
predicts an initial energy distribution that is flat from 0 to 6
eV. After formation, as the Ps scatters from the gas ato
the average Ps energy decreases and the distribution
02250
r-

at
t
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s,
ap-

proaches a Maxwell-Boltzmann form. This investigation pr
duced no evidence for a nonthermal distribution~non-
Gaussian narrow component! even for the spectra take
closest to the formation condition. Unfortunately, the sen
tivity to non-thermal distributions is not great due to th
underlying wide component in the DBS spectra and a lack
statistics.

To observe theo-Ps thermalization process, the avera
o-Ps energy in a typically 30 to 50 ns delayed time windo
is measured at a given gas density. By either raising or lo
ering the gas density~time window fixed!, a later or earlier
part of the thermalization process can be accessed, and
o-Ps energy measured. This method of observing the t
malization process makes no assumptions about the f
tional form of the energy-loss cross section, in contrast
4-8



e and
sake of

DOPPLER-BROADENING MEASUREMENTS OF . . . PHYSICAL REVIEW A 67, 022504 ~2003!
FIG. 6. Fit to Sauder’s thermalization model@20#. For seven different gases, the thermalization rate is given by the slope of each lin
initial energy can be determined from the zero intercept. The bottom right figure shows only the fits for all of the gases for the
comparison. Runs done at 100-Torr pressure appear here at about 4.6 ns amagat.
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previous high-resolution ACAR studies ofo-Ps thermaliza-
tion in gases@9–11# which do not time select.

The results foro-Ps energy versus gas density are a
lyzed using the classical elastic scattering model propose
Sauder@20#. A slight modification to Eq.~5! results in a
linear equation in densityn,

arccothA E

Eth
5b1Gn t̄, ~9!

identifying t as t̄ , an average oft over the delayed time
window. The averaging fort̄ is weighted by the distribution
of perturbedo-Ps events in the time window. Most of th
thermalization data are taken with a 30 to 50 ns time wind
and B52.85 kG (tpert552 ns), resulting int̄ 538 ns. Plot-
ting the o-Ps energy according to Eq.~9! versusn t̄ will
result in a straight line if the classical elastic scattering mo
adequately describes the actual thermalization process.
slope of the line is the density-normalized rate ofo-Ps ther-
malization,G. The zero density intercept of the straight lin
is related to the averageo-Ps formation energyb @Eq. ~3b!#.

Remarkably, for all seven gases studied in this investi
tion, straight lines give reasonable fits to all the data,
shown in Fig. 6. The zero density intercepts for all the ga
cluster into a small region corresponding to initial Ps en
gies of 2 to 7 eV. This is not surprising since the simplest O¨ re
model picture would predict 6.8/253.4 eV as the averag
initial Ps energy. More surprising, the molecular gases, es
cially isobutane and neopentane, display quite good lin
fits over the energy range investigated. These linear res
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are difficult to understand since inelastic excitations of
molecules~electronic, vibrational, or rotational! when collid-
ing with o-Ps seemingly should introduce some structure
the linear plots. As theo-Ps energy becomes lower, fewe
inelastic channels are open, slowing the thermalization p
cess. While it is true that there is always a fairly broad d
tribution of energies present and averaging over this dis
bution will tend to dilute inelastic structures, the comple
absence of structure is still surprising. Certainly for the h
drocarbon molecules and perhaps the diatomic molecu

TABLE I. Results for Ps thermalization. The table displays 1/G,
the inverse of the Ps thermalization rate per amagat, i.e., at
atmospheric pressure~STP!; E0, the initial formation energy;DE,
the range of the measurements;sm , the derived elastic scatterin
cross section. It is assumed thatM in Eq. ~4! is that of the molecule.

Gas 1/G ~ns amagat! E0 ~eV! DE ~eV! sm (Å2)

H2 2565 6.021.1
11.6 0.39–3.00 3.360.7

He 59616 724
134 0.25–1.20 2.860.8

Ne 13063 3.9220.14
10.15 0.71–2.18 6.4060.15

Ar 254638 2.2520.08
10.09 0.47–2.02 6.661.0

N2 9064 2.0720.03
10.04 0.68–1.73 13.060.5

C4H10 16.661.2 3.120.7
11.0 0.15–1.52 146611

C5H12 13.260.8 3.620.6
10.7 0.25–1.39 228613
4-9
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the observed thermalization rate should be considered a
fective rate for the energy range studied.

In Table I, the results for all seven gases are summari
The density units forn are amagats, one amagat being t
density corresponding to one atmosphere pressure at
(n52.6931019/cm3). The reciprocal of the density
normalized thermalization rate,G, is the thermalization time
at one amagat. The rangeDE in Table I is the energy interva
of these thermalization measurements. Note from Eq.~4!, Ps
thermalization measurements are sensitive to the qua
s/M for elastic scattering, whereM is the mass of the struc
atom. For noble gases,M is unambiguous. For molecula
gases, however,M might be an atomic mass or the molecu
mass or something in between. For the purposes of repo
s in Table I, the molecular mass is used to facilitate co
parison with previous ACAR results.

Before this investigation, the initial energy of the lon
lived Ps formed in gases was experimentally inaccessi
but generally believed to be about~6.8/2! eV from the Öre
gap argument@2#. The initial energy distribution is almos
certainly not Maxwell-Boltzmann, the distribution used f
averaging in the Sauder model. In spite of this differen
reasonable estimates of the initial energy can be made f
these DBS data.

VI. SYSTEMATIC TESTS OF TIME-RESOLVED DBS
IN H 2 , N2, AND NEOPENTANE

An important feature of Sauder’s classical model involv
the simple scaling of gas densityn with t, time since Ps
formation. In Eq.~3a!, these quantities only appear once a
as the simple product (nt). That is, the thermalization of P
in different densities of the same gas is simply related b
scaling of time. This can be understood physically from
following facts. The progress of the Ps thermalization p
cess depends solely on the number of gas atom collis
experienced by the Ps atom after formation. Since the c
sion rate is directly proportional to density@Eq. ~2!#, the
thermalization process scales exactly with (nt).

This property of (nt) scaling in the Ps thermalization pro
cess is not restricted to just classical scattering. The a
ments above are not dependent on elastic scattering or
sical scattering. Any mechanism for Ps energy loss
scattering, whether elastic or inelastic, classical or quan
mechanical, must exhibit scaling of the product (nt). This
(nt)-scaling principle is used as a basis for several syst
atic tests of the time-resolved DBS technique.

These systematic tests involve varying the magnetic fi
and/or the delayed time window. Changing only the ma
netic field should, in principle, make no difference to t
thermalization measurements. However, the perturbedo-Ps
lifetime depends strongly on theB field strength, affecting
the statistical efficiency of the DBS technique and the cal
lation of t̄ . On the other hand, changing the delayed ti
window is a direct systematic test of the time-resolved D
technique and should produce essentially the same resu
changing the gas density whent̄ is properly evaluated. A
variety of test runs are used with H2 , N2, and neopentane
Higher and lower values for both the time window and theB
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field are employed. Along with the usual 30 to 50 ns windo
a 50 to 80 ns window and a 25 to 40 ns window are a
used. Along with the usualB52.85 kG,B52.0 and 3.5 kG
are also employed. The results are summarized in Fig. 7.
nonstandard results~i.e., not B52.85 kG and 30 to 50 ns
window! have not been subject to the selection procedu
The error bars shown in Fig. 7 are statistical only. The lin
are not fits to the data in Fig 7, the lines come from Fig.

Another possible systematic effect to consider involv
the time interval necessary for a beta decay positron to s
down to'10 eV and form Ps. Initial timing is derived nea
the beta source and, in low-density gases, there may b
significant time interval before Ps formation. Unlike P
which loses energy very slowly since it is neutral, a charg
positron slows down quickly. A conservative estimate in
cates that the positrons in this apparatus slow down in
than 1 ns at the lowest densities encountered in these D
studies. This 1-ns limit on the delay is an order of magnitu
smaller than the time resolution of the system. Hence, p
tron slowing down time is a negligible systematic effect.

VII. DISCUSSION OF RESULTS

Several recurring features are evident in this investigati
Reliable fitting of the narrowo-Ps Doppler component oc
curs only in a certain restricted Ps energy range for any s
cific gas. The extreme limits are 0.15 eV~isobutane! to 3 eV
(H2). Measurements at the high energy end of these lim
use low gas density runs, which are statistically inhibited
all the gases. At higher gas densities, the slowe1 properties
of the individual gases become important. Unlike mo

FIG. 7. A summary of the systematic tests performed for vario
nonstandard time windows and magnetic fields. The lines shown
the best-fit lines for the standard 30–50 ns time window a
2.85-kG magnetic-field strength as shown in Fig. 6 and Table I
4-10
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DOPPLER-BROADENING MEASUREMENTS OF . . . PHYSICAL REVIEW A 67, 022504 ~2003!
gases, isobutane and neopentane rapidly annihilate slowe1,
causing their high-density runs~low-energy limits! to be lim-
ited by the Ge detector resolution and stability. For the n
hydrocarbons at higher gas densities, slowe1 contaminate
the DBS spectrum with a wide component that increase
amplitude with increasing gas density. The repeatedly
served effect on the fitting routine is to return a narrow co
ponent width that is speciously too large, overestimating
Ps energy. The overestimating effect is seen in both the n
hydrocarbon gases and in the systematic tests of the del
time window. Clearly, an asymmetrical systematic er
could be applied to these DBS results to account for
uncertainties introduced by the wide component. We h
elected not to apply an asymmetric systematic error bar.
analysis scheme, as depicted in Figs. 4 and 5, cannot
decide the asymmetry in the error bar. The data in Fig
while indicating a possible need for an asymmetric err
cannot quantify the effect. The N2 data shown in Fig. 7 pre
cisely follow the line from Fig. 6. The neopentane data
Fig. 7 are just beginning to observe the overestimating ef
in higher density runs, that is, the data points are startin
fall below the line. The overestimating of the narrow com
ponent width is most pronounced in the high density H2 run,
where the point is more than 4sstat below the line. Compari-
son of this point in Fig. 6 indicates why such a large error
appears in Fig. 6 resulting from the analysis scheme depi
in Figs. 4 and 5. The new analysis scheme has quantified
accounted for the systematic bias introduced by the pres
of the wide component in the DBS spectrum. The data p
sented in Fig. 7 provide an experimental verification of t
new analysis scheme and its conservative handling of
systematic effects.

Even with all of the above qualifications, these DBS
sults often differ significantly from the results obtained fro
ACAR and, where available, most theory. For N2, the latest
ACAR result is sm52668 Å2 compared tosm513.0
60.5 Å2 determined by this study~Table I!, less than a 2s
difference. For H2, the latest ACAR result issm517
65 Å2 @62# compared to 3.360.7 Å2 from this investiga-
tion. The older theoretical H2 calculation@42# is an order of
magnitude larger than either experimental result. The rec
theory @43# is in good agreement with the present DBS
sult, perhaps indicating that the ACAR result for the H2 cross
section may be too large.

The theoretical situation with He is much more compl
since there are many more calculations as shown in Fi
The disagreement between theoretical He calculations i
large as the disagreement between the experimental va
For He, the latest ACAR result issm51163 Å2 @62# com-
pared to 2.860.8 Å2 from this investigation. These two ex
perimental cross sections are shown in Fig. 8 at the ave
Ps energy of each cross section measurement. Also show
Fig. 8 are the highest@46# and ~absolute! lowest @50# theo-
retical curves from Fig. 1. An old measurement of the sc
tering length@63# is also included in Fig. 8. Note that th
highest theoretical curve from Fig. 1 has an attached poin
Fig. 8. This extra point depicts the momentum-transfer cr
section at the center of the energy interval of our meas
ments, as given in a footnote in Ref.@51#. Despite universal
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expectations thatS-wave elastic scattering should domina
when Ps is thermalizing in noble gases, a largeP-wave and
higher wave contributions have been found in the latest
culations@51#, indicating a difference betweensel andsm ,
the latter being the experimentally measured quantity. C
sequently, much more care is needed in comparing exp
mental cross sections with theoretical calculations. Only
Ref. @51# have appropriate calculations been done to obt
sm , incidentally reducing the disagreement between our
perimentalsm for He and the theoretical calculation@46# by
almost a factor of 2. It is unknown how muchsm and sel
differ for the other calculations. But even with the predict
sharply dropping cross sections in Fig. 8, it is unlikely th

FIG. 8. Comparison of theory and experiment for He scatteri
Measurements of the momentum-transfer cross section,sm , are
plotted at the average Ps energy for each experiment. From Fi
only two elastic scattering calculations are displayed, those with
largest and the smallest cross section. Where available, the the
ical momentum-transfer cross section has been added, in this
given at just one point, the average energy for our experiment.

FIG. 9. Comparison of theory and experiment for Ne scatteri
Measurements of the momentum-transfer cross section,sm , are
plotted at the average Ps energy for each experiment. The el
scattering calculations have also been plotted. Where available
theoretical momentum-transfer cross-section curve has been ad
4-11
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SKALSEY et al. PHYSICAL REVIEW A 67, 022504 ~2003!
the ACAR measurements@62,11# and our DBS measuremen
can be brought into accord. However, our DBS measurem
and the scattering length measurement@63# could be con-
nected by a quickly dropping curve and may not be in d
agreement.

The situation with the Ne cross sections is similar to H
including thesm problem. The very latest calculations@51#
contain substantialP and higher wave contributions leadin
to a large difference betweensel and sm at a few eV, as
shown in Fig. 9 with the experimental data for comparis
The ACAR measurement@62# for Ne yieldssm51067 Å2

and our DBS value issm56.4060.15 Å2, agreement only
because of large error bars. The theoretical calculations
quite discrepant. Similarly for Ar, the comparisons are sho
in Fig. 10 with the difference betweensm andsel shown for
Ref. @51#. The experiments are in nominal agreement a
theory calculations are discrepant.

To summarize the situation for Ps in noble gases, the
perimental Ne and Ar momentum-transfer cross sections
in good agreement for the ACAR and DBS techniques.
He, the ACAR and DBS techniques give apparently inco
sistent cross sections even though the measurements
done at slightly different Ps energies. The theoretical sit
tions for He, Ne, and Ar, all feature calculations with diffe
ing cross sections, by as much as an order of magnit
Most of these calculations indicate a decrease in cross
tion with increasing Ps energy. In an attempt to investig
this feature of the calculations, the Ne and Ar DBS data
fit to a Sauder-like@20# thermalization model but with av21

dependence for the cross section, instead of a constant
section@20#. The Ne and Ar DBS data fit thisv21 model in
a manner just as reasonable and acceptable as the S
model shown in Fig. 6. The conclusion is that one can
discern from these DBS data whether the cross sectio
constant, Fig. 6, or is sharply decreasing with energy.

The clear difference in both He and H2 experimental
cross-section values between ACAR and DBS may be du
systematic problems in handling the aerogel subtraction

FIG. 10. Comparison of theory and experiment for Ar scatteri
Measurements of the momentum-transfer cross section,sm , are
plotted at the average Ps energy for each experiment. The e
scattering calculations have also been plotted. Where available
theoretical momentum-transfer cross-section curve has been a
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ACAR @10,11,62,64,65#. The ACAR H2 and He values pre-
sented here@11,62# were revised downwards by factors o
3–5 from the upper limits appearing in an earlier report@10#.
The revision came about from a different treatment of
elastic scattering in the aerogel@64,65#. Clearly, the ACAR
results are very sensitive to the treatment of the aerogel t
malization process.

Another systematic problem with the aerogel ACAR tec
nique is the assumption that theo-Ps released into the micro
voids has the same initial energy distribution with and wi
out gas added to the aerogel. The absorption of the gas
the walls of the microvoids changes the character of th
surfaces. This change can be important since either lo
lived Ps is formed on these surfaces or Ps from the bulk m
pass through these surfaces to get into the microvoids. If
initial Ps energy distribution is changed by adding a gas,
aerogel subtraction employed in the ACAR studies will le
to erroneous results. Further, there is experimental evide
of this very problem occurring in one aerogel thermalizati
investigation @61#. Time-resolved DBS studies of aerog
with and without 0.2 atm O2 give an apparent contradiction
adding gas slows thermalization. Either the initial Ps ene
is much higher with gas added or inelastic Ps-surface in
actions are much weaker with gas added. Either scenar
systematically awkward for interpreting aerogel ACAR da
with and without gas. Admittedly, O2 gas is probably more
reactive with the aerogel microvoid surfaces than some
the other gases studied in Refs.@10,11,62,64,65#. But, all
gases, even noble gases, absorb to aerogel, just in diffe
amounts and probably with different effects on the microvo
o-Ps, both in formation and in subsequent wall scatterin
These systematic problems may account for the consiste
much larger H2 , N2, and He cross sections obtained with t
aerogel ACAR technique@10,11,62,64,65# compared to the
DBS results presented here.

For molecular gases, there is a little theory for H2, as
previously discussed, and none for heavier molecules.
ACAR result for the isobutane cross section is an upper li
of 210 Å2 @10#, compared to (144619) Å2 found here with
DBS. Is an isobutane molecule actually this large in a cl
sical sense? Simple bond-length arguments would predi
classical size several times smaller than these observat
Perhaps, rovibrational excitations of the isobutane molec
by the collidingo-Ps are increasing the apparent molecu
size by speeding up the thermalization process with inela
energy losses. The IR spectra of isobutane and neopen
both have a strong line indicating a vibrational level at 0.
eV @66#, which unfortunately is outside the Ps energy ran
investigated here for neopentane and just barely inside
isobutane. Other, weaker IR lines@66# indicate that both elas
tic and inelastic energy-loss processes could be operatin
the Ps energy range observed in the DBS thermalization
periment. If inelastic collisions contribute significantly to P
thermalization, then the straight lines for isobutane and n
pentane in Fig. 6 are simply fortuitous and probably due
the broad energy distribution for a thermalizing Ps samp

The same logic of inelastic, vibrational excitations appli
to H2 and N2 seems to predict curved lines in Fig. 6. Th
number of vibrational excitation levels in both molecules
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several per eV@52#. Over the Ps energy range investigat
for these two molecules, the number of available inela
channels changes dramatically. One would expect a la
inelastic cross section at higher Ps energies with more
enues for inelastic energy loss. Elastic scattering calculat
for H, H2, He, Ne, and Ar all have the opposite energy d
pendence, with cross sections decreasing at higher Ps
gies. The straight lines observed for non-noble gases in
6 could also be due to a near cancellation of inelastic
elastic energy dependencies leaving a roughly constant
cross section.

The contribution from inelastic scattering betwe
'1 eV Ps and molecular gases is usually assumed to
comparable to inelastic contributions observed in elect
scattering@67# and scattering with regular atoms and mo
ecules. Yet, the case of Ps scattering is quite different
unique because of the combination of small mass and ne
charge. The interaction of a Ps atom with a gas molecule
by necessity, short ranged and, since Ps moves so fas
short-time duration. The usual view of Ps scattering from
whole molecule@10# may be incorrect.

Consider the relative thermalization rates of He, Ne, a
N2 as shown as their slopes in Fig. 6, lower right. Note
slope of the N2 line falls between the He (M54) and the Ne
(M520) lines. This fact could indicate that Ps scatters fr
only a single N atom (M514), not the entire molecule. In
this interpretation ofM in elastic scattering, the N2 and H2
cross sections presented in Table I would need to be red
by a factor of 2 and expressed as N and H cross section
6.5 Å2 and 1.65 Å2, respectively.

Using this same scattering picture, the large saturated
drocarbon molecules used in these studies may appear
as an isolated ‘‘clump’’ of several H atoms. For elastic sc
tering, theM used in Eq.~4! could be as small as a few
compared to 58 and 72 for isobutane and neopentane
lecular masses. The cross sections appearing in Table
these molecules would be substantially reduced with
new interpretation. Also, the excitation of certain vibration
and rotational modes would be forbidden in this altern
view of Ps scattering with molecules. For both isobutane
neopentane, vibrational excitations involving only C-
bonds all have energies above 0.17 eV. Conversely, vi
tional excitations involving C-C bonds, deep inside the m
ecule, are all below 0.17 eV@66#. One might expect a dra
matic effect on Ps thermalization when crossing this 0.17
threshold. Unfortunately, 0.17 eV is near the bottom of
range of the present measurements~see Table I and Fig. 6!,
but a second-generation thermalization apparatus could
ily scan through this energy threshold and search for a
duced thermalization rate at low energy. Until such a test,
correct picture of'1-eV Ps interacting with molecules wi
remain a mystery.

VIII. CONCLUSIONS

We have demonstrated that time-resolved Dopp
broadening measurements are a simple, yet powerful t
nique for observing the formation and thermalization of Ps
gases. Unlike the previous ACAR studies of Ps thermali
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tion, no specific model of Ps energy loss need be assume
turns out that a classical elastic-scattering model adequa
fits the data for all seven gases studied here. When comp
sons can be made, the energy-loss cross sections tha
obtained from the fits are often significantly smaller than
ACAR results and most theoretical calculations. A limited
energy range from at best 0.15 to 3.0 eV is investigated
the present study. Future studies could expand the Ps en
range and improve the accuracy. An estimate of the ini
formation energy of Ps is obtained by extrapolation of t
measurements. The initial Ps energies, when accurately
tained, cluster between 2 and 4 eV, as expected from
simple Öre model of Ps formation.

The reliability of the DBS technique has been extensiv
tested in three of the gases and systematic errors are incl
in the final results for cross sections and formation energ
The agreement with ACAR experiments is still not good. T
treatment of the thermalizing effect of aerogel is critical
interpreting ACAR data. A subtraction of aerogel ACA
with and without added gas assumes no change in Ps em
from the aerogel grains. Errors could arise in the comp
treatment and reduction of ACAR data to obtain cross s
tions. In comparison, our DBS technique is straightforwa
and has inherently a better signal-to-noise ratio in the r
data due to time selection. While the ACAR technique h
inherently much better instumental momentum resolut
compared to DBS, source inefficiencies and uncertaintie
the interpretation of ACAR spectra may be causing mise
mates of cross sections.

The theoretical progress on Ps gas scattering calculat
is not as quick as Massey and Mohr@1# expected, but im-
proving and expanding rapidly. Published calculations of r
evance to the Ps thermalization problem are, except for
sparse and often contradictory. The disagreement betw
these DBS results and ACAR measurements for He has
cently interested theorists and the literature is now expand
rapidly on this difficult scattering problem.

It appears from these DBS results that Ps-gas cross
tions are significantly smaller than previously believed. T
implies that thermalization times are actually much long
than previously thought. The ramifications of slow Ps th
malization in gases could be substantial in experiments m
suring Ps lifetimes in low-density gases. The appearanc
Ps thermalization effects in lifetime spectra is characteri
by a lifetime that apparently changes as the Ps gets o
Such effects have been observed in high-precision, de
rate ~lifetime! studies@14–16#. Understanding these deca
rate effects was the original motivation for beginning t
DBS investigation and has led to an ongoing reinvestigat
of thermalization and quenching issues in decay rate exp
ments using gases@17#. A small correction to existing gas
decay rate results will be published in a forthcoming pa
@18#.

A replacement gas chamber has been designed for
existing electromagnet and single Ge detector. This revi
design is optimized in the sense of~1! greatly increased sta
tistical efficiency,~2! improved signal-to-noise ratio, wher
the noise here is due to accidental, random coincidences,
~3! increased resolution stability. With the addition of th
4-13



ro
rro
o
t

d
he

or
Th
oa
th

en

n
n

n
th
ti
ta
e

ha
b
an
la
lo

ed
d
f
m
u
a
n

2
nge

ex-

rge
stic

of
he

ari-
en-
ea-
olve
Ps
of

ad-
o-

stic
ce in
ret-
le
iew

G.
T.
d,
. J.
hed
is
his
and

SKALSEY et al. PHYSICAL REVIEW A 67, 022504 ~2003!
gas chamber and upgrading of the data-acquisition elect
ics, an order of magnitude reduction in cross-section e
bars may be possible. The systematic effects of the br
DBS component must also be understood better to extend
present measurements. Access to more thermalization
would greatly aid in the quantitative understanding of t
broad DBS component. Externally derived DBS data@68–
70# can also, in some instances, be used to specify the f
of the broad DBS component observed in our spectra.
possibility of using mixtures of gases to suppress the br
component needs to be investigated as well. In short,
future prospects are excellent for more DBS measurem
of Ps thermalizing in various gases.

The hydrocarbon gases studied here, isobutane and
pentane, are noted for rapid quenching of slow positro
These gases have excellent prospects for expanding the
ergy range of the Ps thermalization measurements dow
thermal. At present, Ge detector resolution stability limits
lowest Ps energies that can be investigated. The resolu
stability issue is simply a hardware problem with our da
acquisition system and can be straightforwardly minimiz
@53#.

Other saturated hydrocarbon gases, e.g., methane, et
etc., may also be interesting in Ps thermalization studies,
they do not quench slow positrons as readily as isobut
and neopentane. The almost spherical structure of these
two hydrocarbons may be a special asset in quenching s
positrons. Further, the pick-off quenching of thermaliz
o-Ps is smaller in isobutane and neopentane compare
methane and ethane. There is no clear understanding o
Ps interaction, at 1 eV or thermalized, with these large, co
plex hydrocarbon molecules. One possible experiment wo
compare Ps thermalization data in normal neopentane
fully deuterated neopentane. The molecular mass differe
on

ys

-

a

an

J.

02250
n-
r

ad
he
ata

m
e
d
e
ts

eo-
s.
en-
to

e
on
-
d

ne,
ut
e

tter
w

to
the
-

ld
nd
ce

~72 versus 84! is small compared to a possible factor of
change in mass from which Ps scatters. Such a cha
clearly could affect elastic scattering and also vibrational
citations@66#.

Using electrons or photons as a scattering probe of la
hydrocarbon molecules results in a rich spectrum of inela
excitations: rotational, vibrational, and electronic degrees
freedom are readily accessed for all types of bonds. T
present evidence from Ps thermalization is bland in comp
son; no inelastic structure is evident for isobutane or neop
tane. An improvement in the accuracy of the energy m
surements is desirable and may be necessary to res
elastic and inelastic contributions to the energy loss in
thermalization; the same applies to extending the range
the Ps energy measurements.

A second-generation thermalization apparatus could
dress the issue of inelastic collisions in many possible m
lecular gases. It could also improve the accuracy of ela
cross sections and the search for their energy dependen
noble gases. The ability to compare experiment with theo
ical calculations will expand in future years both for nob
and molecular gases, hopefully, leading to the correct v
of Ps thermalizing in gases.
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