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Positronium-Argon Scattering

N. Zafar, G. Laricchia, M. Charlton, and A. Garner
Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United K

(Received 6 June 1995)

The total cross sectionsT for orthopositronium (o-Ps) scattering from argon gas has been measured
directly for the first time using a variable energy o-Ps beam in the range 16–95 eV. The cross section
is found to rise from a value of approximately9 3 10220 to 15 3 10220 m2 in the 16–30 eV range
and thereafter decline slowly to11 3 10220 m2 at the highest energy investigated. Comparison with
theory suggests that the increase insT is probably due to inelastic processes.

PACS numbers: 36.10.Dr, 34.50.–s
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Over the last two decades there have been nume
experimental studies of the interactions of low ener
positrons (e1) with gaseous atoms and molecules. The
have encompassed investigations of various total
partial cross sections and, more recently, some differen
in the angle and energy of the scatterede1 [1]. It was
apparent from early measurements [1] that Ps format
by the reactione1 1 A ! Ps1 A1 of a positron with
an atom A was a significant channel at intermedia
energies. Theoretical studies for H and He targets [2
found that the differential cross section for this proce
was relatively large at small angles to the incidente1

beam, suggesting that useful beams of Ps atoms c
be produced by neutralizing positrons in gaseous targ
This was experimentally confirmed, independently,
Brown [4] and Laricchia and co-workers [5,6]. These a
other methods for fast Ps production have been rece
reviewed in some detail [7,8]. Briefly, Brown [4] wa
the first to obtain experimental evidence in support
the energy tunability of Ps formed ine1-gas reactions
by employing a high resolutiong-ray detector to monitor
the annihilation (in the same medium in which it w
formed) of the short-lived p-Ps, theS  0 state which
decays by 2g emission in vacuum with a characterist
lifetime of ,125 ps. In contrast, the London group [5,6
generated a beam of the long-lived o-Ps (S  1, 3g,
,142 ns) atoms and measured its overall efficiency
production, collimation, transport, and detection aw
from the production region. In the study of Laricch
et al. [6], it was estimated that up to 4% of the scatter
e1 could be detected as o-Ps within a cone of66±

around the incidente1 direction. With the inclusion of
a beam timing method [9], this work was extended w
detailed studies [10] of the Ps beam produced from
and Ar gases, including its energy width, quantificati
of the component in excited states, and preliminary, a
indirect, estimates of Ps scattering cross sections. In
Letter we report the first direct measurement of Ps
total scattering cross sections using a double gas
arrangement in which Ps formation can be optimiz
and controlled in one cell while collision conditions a
independently varied in the other.
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Very little is known about Ps scattering, other than fro
annihilation studies of processes occurring at, or near, th
mal energies (see, e.g., [11]). There has been only s
radic theoretical activity [12] in the area of energetic P
collisions since the pioneering study of Massey and Mo
[13]. Collisions of the neutral Ps with other atoms (an
molecules) have a number of novel features. The coin
dence of the centers of charge and mass in the Ps a
removes the mean static interaction which is present
tween two heavier neutrals, thereby enhancing the imp
tance of the exchange interaction. In addition, the sm
Ps mass, and concomitant long de Broglie wavelength,
led to the suggestion [14] that theories of Ps scatter
will more closely resemble those for positrons and ele
trons than those applied to other (heavier) neutral syste
Aside from this intrinsic interest, however, a knowledge
the cross sections for various processes may be of be
in a number of areas, e.g.,e1 slowing down in certain me-
dia where repeated Ps formation and breakup cycles m
be important (while the former can be adequately treat
little is known about the latter); in studies of Ps diffractio
from surfaces [15]; in modeling interactions of Ps inject
into a plasma [16]; and in gaining a better understand
of the role of the buffer gas commonly used in precisi
studies of Ps properties [17–19]. The measurements
ported herein represent a first step in filling the gaps in o
knowledge and understanding of the atomic interactions
energetic Ps.

The double gas-cell arrangement used in the experim
is illustrated in Fig. 1. A primarye1 beam of,105 s21,
guided by a 50–100 G axial magnetic field, is deliver
by the positron gun [20]. After passing through an 8 m
collimator, it enters from the left at an energy of aroun
350 eV. Thee1 pass through a hole in the center o
the channel electron multiplier array (CEMA 1) and strik
a remoderatorsM2d [9]. This is fabricated from four
overlapped annealed tungsten meshes from which,12%
of thee1 are re-emitted with a maximum energy of,3 eV.
The combined timing and remoderation efficiency is,5%,
and the energy of the remoderatede1 can be varied by
changing the potential applied toM2. Thesee1, and some
of the transmitted primary beam, pass through gas cell
© 1996 The American Physical Society 1595
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sures in
FIG. 1. Schematic diagram of the experimental arrangement (a). The system is differentially pumped. The relative pres
the neutralizing cell, adjacent grid region, and moderating region are approximately1:1022:1024. The location of the diffusion
pumps and their size are indicated in (b).
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which is 20 mm long with an internal diameter of 30 mm
and has 8 mm diameter, 10 mm long, apertures at e
end. For all measurements except that at 80 eV, this c
was maintained at a constant Ar gas pressure of 0.93
(7 mm Hg) as measured by a capacitance manome
having previously found these conditions to be optimu
for Ps beam production [10]. The beam at 80 eV w
generated using, as the neutralizer, molecular hydrog
This has recently been found to be more efficient than
for the production of collimated Ps [8,21,22].

Following optimization of the primary and remoderate
e1 beams at CEMA2, the latter was prevented from reac
ing gas cell 2 by the application of appropriate voltages
the system of grids and apertures shown in Fig. 1. U
der these conditions a timed beam of Ps atoms, originat
from gas cell 1, could be observed by arranging a sta
dard delayed coincidence circuit between the outputs
the two detectors. The resulting time-of-flight (TOF) spe
tra were recorded on a PC-based multichannel analy
for further analysis. Two TOF spectra taken with mea
remoderatede1 kinetic energiesTe of 39.6 and 63.5 eV
without gas in cell 2 (hollow circles) are shown in Fig. 2
To a first approximation, the Ps kinetic energyTPs is re-
lated to that of thee1 by TPs  Te 2 EI 1 EB, whereEI

is the ionization energy of the target (15.76 eV for Ar) an
EB  6.8yn2 seVd for Ps in a state of principal quantum
numbern. The intrinsic timing resolution of the system
was found by operating the remoderated beam at high
netic energies, to be around 10 ns. Additional time spre
may be introduced by the intrinsic energy spread of thee1
1596
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and Ps beams and some jitter caused by the different po
of creation of the Ps along gas cell 1. Under the conditio
employed for these measurements, no substantial com
nent fromn $ 2 Ps was detected in the beam. This m
be due to the relatively high Ar pressure, and consequ
scattering of the excited Ps, used in gas cell 1 to ma
mize the ground state flux. Each TOF spectra with g
cell 2 evacuated is accompanied, in Fig. 2, by a spectr
of equal run duration taken with Ar gas admitted (fille
circles). The attenuation of the Ps beam by the gas is e
dent. The pressures were 0.28 and 0.44 Pa for the run
Ps energies of 30.6 and 54.5 eV, respectively.

In order to determinesT the Ps beam intensities with
sId and withoutsI0d Ar gas in cell 2 were used in the usua

FIG. 2. Positronium time-of-flight spectra taken at (a) 39.6 e
and (b) 63.5 eV incident positron energies. The hollow circl
refer to the Ps beam incident onto an Ar target. The fill
symbols represent the Ps beam intensity transmitted thro
the target. Target pressures are given in the text.
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Beer-Lambert relation,
I  I0 exps2rsT Ld , (1)

where the target density-length productrL was found to
be of the formr0I0yk. Here,r 0 is the gas density deter-
mined from measurements of the pressure at the cente
the cell using a dedicated capacitance manometer and
ambient temperature andI0 is the geometric length of the
cell (40 mm). The constantk was determined by normal-
ization to known cross sections fore1-Ar scattering [23]
and found to be0.81 6 0.02 over the range of pressures
employed in the Ps scattering experiments.

Various systematic checks were performed at certain
energies: (i) the Ps attenuations I0yId was measured at
different gas pressures in the range 0.13–0.67 Pa with
statistically significant deviation from Eq. (1) observed
Typical one standard deviations on asingle run were
625%, a typical datum for extractingsT consisting of five
or more runs; (ii)IyI0 was measured at different position
of CEMA2 in order to vary the flight path of the Ps afte
scattering and, to some extent, the angular accepta
of the detector (usually 4± and 7±) and no statistically
significant effect was noted; (iii) the possibility ofI0yI
varying across the TOF spread of the Ps was investiga
and variations of up to 20% were found withIyI0 being
in general smaller, if the whole Ps peak was used,
comparison to the results obtained by using a 5 eV regi
on the high energy side of the Ps peak. This might
due to contributions from excited states [implying that th
Ps-Ar total cross section for Pssn . 1d is smaller than for
Pssn  1d, in conflict with our earlier hypothesis], and /o
reflect the natural variation ofsT with projectile energy
(although the variation with energy is rather weak abo
,30 eV). It could also be related to the probability o
scattering at angles#4±, the minimum angular acceptance
of the detector. In view of the added uncertainties whic
would be introduced by deducing the cross sections fro
the whole Ps peak, the 5 eV region on the high energy s
of the Ps peak was used in the final evaluations ofI0yI.

Our values of sT for (o-Ps)-Ar scattering in the
energy range 16–95 eV are presented in Fig. 3. T
cross section can be seen to rise from8.6 3 10220 m2

to around twice that value in the energy range 26–40 e
ThereaftersT appears to fall gradually over the remainin
energy range investigated. Comparison with theoretic
calculations performed on other Ps-atom systems [21,
suggests that the rise insT at intermediate energies is the
result of increasing inelastic scattering with, particularl
projectile breakup being the dominant scattering chann
in some cases. Also shown in Fig. 3 is the mean val
for the Ps-Ar elastic scattering cross section [11]
the energy range 0–6.8 eV derived from studies of t
angular correlation of the annihilation radiation emitte
by Ps thermalizing by elastic collisions with this gas.

In conclusion, the first direct measurements of the to
cross section of orthopositronium atoms scattering fro
Ar gas at incident energies in the range 16–95 eV ha
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FIG. 3. Orthopositronium-argon total cross section: Hollo
symbols represent present results; the filled symbol repres
the mean elastic scattering cross section between 0
6.8 eV [11].

been reported. It is expected that these measurement
addition to their intrinsic interest, will provide new testin
ground for collision theories and aid the understanding
a variety of studies involving positronic probes.
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