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Positronium-Argon Scattering

N. Zafar, G. Laricchia, M. Charlton, and A. Garner
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(Received 6 June 1995

The total cross sectionr; for orthopositronium (o0-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 approximatedyx 1072 to 15 X 1072 m? in the 16—30 eV range
and thereafter decline slowly tbl X 1072° m? at the highest energy investigated. Comparison with
theory suggests that the increaseasip is probably due to inelastic processes.

PACS numbers: 36.10.Dr, 34.50.—s

Over the last two decades there have been numerous Very little is known about Ps scattering, other than from
experimental studies of the interactions of low energyannihilation studies of processes occurring at, or near, ther-
positrons ¢*) with gaseous atoms and molecules. Thesemal energies (see, e.g., [11]). There has been only spo-
have encompassed investigations of various total anchdic theoretical activity [12] in the area of energetic Ps
partial cross sections and, more recently, some differentialollisions since the pioneering study of Massey and Mohr
in the angle and energy of the scattered [1]. It was [13]. Collisions of the neutral Ps with other atoms (and
apparent from early measurements [1] that Ps formatiommolecules) have a number of novel features. The coinci-
by the reactione® + A — Ps+ A" of a positron with dence of the centers of charge and mass in the Ps atom
an atomA was a significant channel at intermediateremoves the mean static interaction which is present be-
energies. Theoretical studies for H and He targets [2,3jween two heavier neutrals, thereby enhancing the impor-
found that the differential cross section for this procesgance of the exchange interaction. In addition, the small
was relatively large at small angles to the inciderit Ps mass, and concomitant long de Broglie wavelength, has
beam, suggesting that useful beams of Ps atoms couldd to the suggestion [14] that theories of Ps scattering
be produced by neutralizing positrons in gaseous targetsiill more closely resemble those for positrons and elec-
This was experimentally confirmed, independently, bytrons than those applied to other (heavier) neutral systems.
Brown [4] and Laricchia and co-workers [5,6]. These andAside from this intrinsic interest, however, a knowledge of
other methods for fast Ps production have been recentlihe cross sections for various processes may be of benefit
reviewed in some detail [7,8]. Briefly, Brown [4] was in a number of areas, e.g.! slowing down in certain me-
the first to obtain experimental evidence in support ofdia where repeated Ps formation and breakup cycles may
the energy tunability of Ps formed ia*-gas reactions be important (while the former can be adequately treated,
by employing a high resolutiog-ray detector to monitor little is known about the latter); in studies of Ps diffraction
the annihilation (in the same medium in which it wasfrom surfaces [15]; in modeling interactions of Ps injected
formed) of the short-lived p-Ps, th& = 0 state which into a plasma [16]; and in gaining a better understanding
decays by 2 emission in vacuum with a characteristic of the role of the buffer gas commonly used in precision
lifetime of ~125 ps. In contrast, the London group [5,6] studies of Ps properties [17—19]. The measurements re-
generated a beam of the long-lived o-R&=t 1, 3y, ported herein represent a first step in filling the gaps in our
~142 ns) atoms and measured its overall efficiency forknowledge and understanding of the atomic interactions of
production, collimation, transport, and detection awayenergetic Ps.
from the production region. In the study of Laricchia The double gas-cell arrangement used in the experiment
et al. [6], it was estimated that up to 4% of the scatteredis illustrated in Fig. 1. A primary* beam of~10° s7!,

e’ could be detected as o-Ps within a cone ©6° guided by a 50-100 G axial magnetic field, is delivered
around the incident™ direction. With the inclusion of by the positron gun [20]. After passing through an 8 mm
a beam timing method [9], this work was extended withcollimator, it enters from the left at an energy of around
detailed studies [10] of the Ps beam produced from H&50 eV. Thee' pass through a hole in the center of
and Ar gases, including its energy width, quantificationthe channel electron multiplier array (CEMA 1) and strike
of the component in excited states, and preliminary, ané remoderatorM2) [9]. This is fabricated from four
indirect, estimates of Ps scattering cross sections. In thisverlapped annealed tungsten meshes from whit2%
Letter we report the first direct measurement of Ps-Arofthee™ are re-emitted with a maximum energy-e$ eV.
total scattering cross sections using a double gas cellhe combined timing and remoderation efficiency-5%,
arrangement in which Ps formation can be optimizedand the energy of the remoderated can be varied by
and controlled in one cell while collision conditions are changing the potential applied462. These:", and some
independently varied in the other. of the transmitted primary beam, pass through gas cell 1,
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FIG. 1. Schematic diagram of the experimental arrangement (a). The system is differentially pumped. The relative pressures in
the neutralizing cell, adjacent grid region, and moderating region are approximatély’:10™*. The location of the diffusion
pumps and their size are indicated in (b).

which is 20 mm long with an internal diameter of 30 mm and Ps beams and some jitter caused by the different points
and has 8 mm diameter, 10 mm long, apertures at eaddf creation of the Ps along gas cell 1. Under the conditions
end. For all measurements except that at 80 eV, this ceimployed for these measurements, no substantial compo-
was maintained at a constant Ar gas pressure of 0.93 Reent fromn = 2 Ps was detected in the beam. This may
(7 wm Hg) as measured by a capacitance manometebe due to the relatively high Ar pressure, and consequent
having previously found these conditions to be optimumscattering of the excited Ps, used in gas cell 1 to maxi-
for Ps beam production [10]. The beam at 80 eV wasnize the ground state flux. Each TOF spectra with gas
generated using, as the neutralizer, molecular hydrogeiell 2 evacuated is accompanied, in Fig. 2, by a spectrum
This has recently been found to be more efficient than Aof equal run duration taken with Ar gas admitted (filled
for the production of collimated Ps [8,21,22]. circles). The attenuation of the Ps beam by the gas is evi-
Following optimization of the primary and remoderateddent. The pressures were 0.28 and 0.44 Pa for the runs at
e beams at CEMAZ2, the latter was prevented from reachPs energies of 30.6 and 54.5 eV, respectively.
ing gas cell 2 by the application of appropriate voltages to In order to determiner; the Ps beam intensities with
the system of grids and apertures shown in Fig. 1. Un&/) and without(/y) Ar gas in cell 2 were used in the usual
der these conditions a timed beam of Ps atoms, originating
from gas cell 1, could be observed by arranging a stan-
dard delayed coincidence circuit between the outputs of
the two detectors. The resulting time-of-flight (TOF) spec- oo
tra were recorded on a PC-based multichannel analyzer | . o %3
for further analysis. Two TOF spectra taken with mean¢ S e .
remoderated* kinetic energies, of 39.6 and 63.5 eV S - R 40 P,
without gas in cell 2 (hollow circles) are shown in Fig. 2. W., e ’
To a first approximation, the Ps kinetic enerfjy, is re- la S .
lated to that of the * by Tp, = T, — E; + Eg, whereE; AL L 0 ~~m””‘ _EeEAR
is the ionization energy of the target (15.76 eV for Aryand ~ ** ¢ =% 70 &8 =0 2@ 20 o e ”°Tm::fns)‘9° o0 =
Ep = 6.8/n? (eV) for Ps in a state of principal quantum
numbern. - The intrinsic timing resolution of the system and (b) 63.5 eV incident positron energies. The hollow circles

was found by operating the remoderated beam at high klrefer to the Ps beam incident onto an Ar target. The filled

netic energies, to be around 10 ns. Additional time spreagymbols represent the Ps beam intensity transmitted through
may be introduced by the intrinsic energy spread ofethe the target. Target pressures are given in the text.
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FIG. 2. Positronium time-of-flight spectra taken at (a) 39.6 eV
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Beer-Lambert relation, 20 ——————————

I = Ilyexp(—porl), 1) o~ 187 1
where the target density-length produdt was found to € 16+ { 1
be of the formply/k. Here,p, is the gas density deter- 8::) 14+ { I t I 1 1
mined from measurements of the pressure at the center of = 12} H{ § } { { ]
the cell using a dedicated capacitance manometer and the & 10 f 1
ambient temperature arfg is the geometric length of the g 8 { 1
cell (40 mm). The constarit was determined by normal- w 6
ization to known cross sections fer -Ar scattering [23] % 4r 1
and found to be).81 + 0.02 over the range of pressures 2| 1
employed in the Ps scattering experiments. 0 L
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Various systematic checks were performed at certain Ps S
energies: (i) the Ps attenuati¢s 1,/1) was measured at Positronium Energy (eV)
dlﬁgrgnt gas pressures In t_l"e_ range 0.13—0.67 Pa with naG. 3. Orthopositronium-argon total cross section: Hollow
statistically significant deviation from Eq. (1) observed.symbols represent present results; the filled symbol represents
Typical one standard deviations onsingle run were the mean elastic scattering cross section between O and
+25%, a typical datum for extractingr consisting of five 6.8 eV [11].
or more runs; (ii)f /1, was measured at different positions
of CEMAZ in order to vary the flight path of the Ps after

scattering and, to some extent, the angular acceptanggen reported. It is expected that these measurements, in
of the detector (usually *4and 7) and no statistically aqdjtion to their intrinsic interest, will provide new testing
significant effect was noted; (iii) the possibility d6//  ground for collision theories and aid the understanding of
varying across the TOF spread of the Ps was investigatedl ariety of studies involving positronic probes.

and variations of up to 20% were found witlly being The authors are grateful to the Engineering and Physics
in general smaller, if the whole Ps peak was used, i5ciences Research Council for supporting this work under
comparison to the results obtained by using a 5 eV regiogsants No. GR/44948 and No. GR/K5633. G L. would

on the high energy side of the Ps peak. This might begysq jike to thank the Nuffield Foundation for the award
due to contributions from excited states [implying that they 5 Science Research Fellowship.

Ps-Ar total cross section for Bs> 1) is smaller than for
Pdn = 1), in conflict with our earlier hypothesis], and /or
reflect the natural variation of; with projectile energy
(although the variation with energy is rather weak above[1] E.g., M. Charlton and G. Laricchia, J. Phys.28, 1045—
~30 eV). It could also be related to the probability of 1078 (1990); G. Laricchia and M. Charlton, Mater. Sci.
scattering at angles4°, the minimum angular acceptance Forum 105-110 349-358 (1992)Positron Interactions
of the detector. In view of the added uncertainties which ~ with Atoms, Molecules and Clustersdited by W. Raith
would be introduced by deducing the cross sections from  and R.P. McEachran (Baltzer, Switzerland, 1994).
the whole Ps peak, the 5 eV region on the high energy sidd2] C.J. Brown and J.W. Humberston, J. Phys1§ L401-
of the Ps peak was used in the final evaluationf ¢f. 406 (1985). )

Our values of oy for (0-Ps)-Ar scattering in the [3] P. Mandal, S. Guha, and N.C. Sil, J. Phys1B 2913-

°ring 2924 (1979).
energy ra’.‘ge 16-95 eV are p.rese”ted In F',gzb 3'2 The[4] B.L. Brown, Bull. Am. Phys. Soc.30, 614 (1985);
cross section can be seen to rise fr@m X 107" m Positron Annihilation,edited by R.M. Singru and P.C.

to around twice that value in the energy range 26-40 eV.  jain (World Scientific, Singapore, 1985), pp. 328—329.
Thereafteror appears to fall gradually over the remaining (5] G. Laricchia et al., Positron (Electron)-Gas Scattering,
energy range investigated. Comparison with theoretical  edited by W. E. Kauppila, T.S. Stein, and J. M. Wadehra
calculations performed on other Ps-atom systems [21,24] (World Scientific, Singapore, 1986), pp. 303—306.
suggests that the rise a; at intermediate energies is the [6] G. Laricchiaet al.,J. Phys. B20, L99-105 (1987).

result of increasing inelastic scattering with, particularly, [71 G. Laricchia and N. ZafarPositrons at Metallic Surfaces,
projectile breakup being the dominant scattering channel edited by A. Ishii (Trans. Tech. Publications, Switzerland,
in some cases. Also shown in Fig. 3 is the mean value 1992), pp. 347-364. .

for the Ps-Ar elastic scattering cross section [11] in [8] G- Laricchia, in Positron Spectroscopy of Solidgro-
the energy range 0—6.8 eV derived from studies of the ceedings of the International School of Physics “Enrico

. o S . Fermi,” Course CXXV, edited by A. Dupasquier and A. P.
angular correlation of the annihilation radiation emitted Mills (I0S Press, Amsterdam, 1995), pp. 401—418.

by Ps thermalizing by elastic collisions with this gas. 9] G. Laricchiaet al., Atomic Physics with Positroneglited

In conclusion, the first direct measurements of the total ~ py 3. W. Humberston and E. A. G. Armour (Plenum Press,
cross section of orthopositronium atoms scattering from  New York, 1987), pp. 223—231; J. Phys.2H, 886—888
Ar gas at incident energies in the range 16—95 eV have  (1988).
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