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Positron Scattering from Atoms and Molecules at Low Energies
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Elastic and inelastic scattering of positrons by atoms and molecules are studied experimentally in
a new range of positron energies, using a novel technique involving a magnetized beam of cold
positrons. Differential cross-section measurements are presented for Ar and Kr at energies from 0.4 to
2.0 eV, and they compare well with theoretical predictions. The first low-energy measurements of the
vibrational excitation of molecules by positrons is presented (i.e,, &Fenergies from 0.2 to 1 eV),
and comparison with electron scattering data is discussed. [S0031-9007(99)09412-0]

PACS numbers: 34.85.+x, 34.50.Ez, 41.75.Fr

Study of positron-matter interactions is an active area of Scattering experiments of this type have been tradition-
research [1-7]. The simplest form of such interactions arally carried out using electrostatic beams. Typically a
two-body collisions with atoms and molecules. Althoughhighly compact target such as a gas jet is used to local-
aspects of these interactions have been studied in deta#le the scattering region, which in turn precisely defines
[2,3], many unanswered questions remain which have relghe scattering angle [10]. By using the method described
vance to fields such as atomic physics and surface sciendeeglow to study charged particle scattering in a magnetized
as well as technological applications such as mass spesystem, we have been able to replace the gas jet with a
trometry. One area where there is relatively little directsimple, differentially pumped scattering cell.
experimental information is the interaction of positrons The experiment employs the cold magnetized positron
with atoms and molecules at low energies (esgl,eV). beam line shown schematically in the upper panel of
Except for measurements of total cross sections [2,3], virFig. 1. Moderated positrons are accumulated from a
tually all studies of positron-atom and positron-moleculeradioactive source (not shown) in a specially designed
scattering have concentrated on energies greater thanPenning-Malmberg trap by means of inelastic collisions
few electron volts. The lowest energy positron differentialwith a nitrogen buffer gas [11,12]. The positrons, which
cross-sectionlo/dQ) (DCS) measurement was for argon are accumulated at a rate ofl X 10° e* s™!, are con-
at 2.2 eV [8], and the only other total vibrational cross-fined radially by the magnetic field and axially by an
section measurement we are aware of was fof @@ner- electrostatic potential well (see the lower panel of Fig. 1).
gies above 3 eV [7]. Current scientific questions of interesOnce the positrons are trapped, they thermalize to room
involving low-energy positrons include the possibility of temperature (0.025 eV) by inelastic collisions with a
bound states of positrons with atoms and molecules anaitrogen buffer gas [12]. A positron beam is then created
the role of vibrational excitation in the formation of long- by reducing the depth of the potential well confining the
lived positron-molecule resonances and fragmentation folpositrons, forcing them over a potential barrigy, which
lowing positron annihilation [5]. determines the beam energy. The positron beam is guided

Progress in low-energy positron scattering has been hirby the magnetic field through the differentially pumped

dered by limitations in available positron beam sources.
Typical available positron sources have relatively largeen- __ _trap
ergy spreads of a few tenths of an electron volt, which pro- Y
hibits beam experiments at low energy. Techniques used
for prodgcm_g narrow energy spread in electron beams_,, e.g., detector [ ]
energy filtering copious electron sources, are not applicable By

to positron sources because they are wasteful of the scarce “ -—
positrons

scattering cell analyzer

positron resource. We have been able to overcome these,,
limitations using a novel technique that we recently de- iz 0

veloped for producing a high-intensity, cold, magnetized f E1r/—\—
positron beam [9]. Using this cold beam, we have mea-

sured the DCS for positron collisions with Ar and Kr at z—

energies below any previous measurements. We have al§t¢G. 1. (above) Schematic diagram of the scattering experi-

made the first low-energy measurements of vibrational exment showing the positron trap, scattering cell, and analyzer.

T : ; o (below) Plot of the potential profilé/(z) used to form and
citation of molecules by positrons, studying the eXC|tat|onmeasure a scattered positron beam. As the depth of the

of CF, at positron energies as low as 0.2 eV. This teCh'potential well is reduced, positrons are forced over the potential

niqu_e opens up a new and interesting energy regime tBarrier creating a positron beam at enerfly and analyzed
positron experiments. using the retarding voltagg,.
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scattering cell to the cylindrical retarding-potential energy 1.2 ‘ ‘ 1.2
analyzer. The beam energy is measured using a Nal(Tl) @) ®)
vy-ray detector to record the number of positrons which
pass through the energy analyzer as a function of the
retarding voltageE,. A typical beam energy spread is
0.018 eV FWHM, with a beam energy range front.1

to several tens of electron volts [9].

The scattering experiments are conducted using the fol- o
lowing sequence. After the positrons are accumulated and 12 ‘ ‘ 1.2
cooled to room temperature, the nitrogen buffer gas is © @
pumped out and a test gas is introduced into the center 0.8} 1 08¢
of the scattering cell. This cell consists of a 55 cm long,
1.2 cm diameter tube which is differentially pumped at 04f i 0.4¢
both ends, so that the pressure drops by an order of mag- elasic | Saste
nitude from the center to the ends of the cell. The aver- 0.0 0.0 ‘ S
age pressure in the scattering cell ranged ftox 1073 00 04 08 12 . 00 04 08 12

to 5 X 107* Torr and was adjusted to minimize the ef-
fects of multiple scattering. The absolute value of the testG. 2. Simulated data illustrating the effects of scattering on
gas pressure was determined by extrapolating the pressute parallel and perpendicular energy contributions of a strongly
at the end of the scattering cell, which is measured by &agnetized, cold charged particle beam: (a) incident beam;
stable-ion gauge with an absolute accuracy of 6%. To aidb) the eff_ect of elastic scattering; (c) both elastic and inelastic
. . o Scattering; and (d) the scattered beam shown in (c), following
In the extrapolation, the pressure prof!le inside the scattelyn adiabatic reduction of the magnetic field by a factor of
ing cell and elsewhere along the positron’s path was caly; — 1¢.

culated using a particle code. The cold positron beam,

formed by the method described above, is passed through . .
the cell, where=10% of the positrons interact with the test Using the method described above, we have been able

gas. The energy distribution of the scattered beam is the make DCS measurements for both Ar and Kr at energies

measured using the retarding-potential analyzer. To imt2nging from 0'4;0 2.0 ev. b'” order to improve the s(;gnal '
prove the signal to noise ratio, the positron accumulatiol® NOIS€ ratio, a three-point boxcar average was used on a

and beam dump cycle, which typically last 20 s, is repeated@!@ except the 0.4 eV argon measurement. Figures 4(a)—
over 100 times for each energy scan. 4(d) show absolute DQS measurements in atomic units for
All of our scattering measurements exploit the behaviolP©Sitron-argon scattering at energies of 0.4, 0.7, 1.0, and

of magnetized positrons in the 0.1 T magnetic field. Wel-> €V, respectively. The DCS, in atomic units, are plotted
express the positron energy, asE = E, + Ej, where versus the scattering angle folded arouhe: 7 /2, since

E, andE are the contributions to the energy due to motionthe experiment simultaneously collects both back-scattered
nd forward-scattered particles. The solid line shows the

perpendicular and parallel to the magnetic field. For thétnd Tor ! : .
slowly changing fields employed in this experiment, thePredictions of a polarized orbital calculation [13] also
guantity £, /B is an adiabatic invariant. The effects of a
scattering event of; andE) are shown in Fig. 2. When
only elastic scattering is present, as is the case for the noble “eeeees, @
gases below the threshold for electronic excitation and *oee
positronium formation, the total enerdgydoes not change
as a result of the collision [see Fig. 2(b)]. Therefore, the
scattering angle is determined solely by the value of
E) after a scattering event and is given by the relation
6 = cos '(VE/E).

Figure 3(a) shows the parallel energy distributiéa))), | |
integrated over energies abokg, for a 1.05 eV positron — L :
beam scattered from Ar atoms. Using this integrated 00 04 08 12 00 01 02 03 04 05
energy distribution/(Ey), the elastic DCS is obtained by energy (eV)
do/dQ = C\EE| X dI(E))/dE), where the constant of FiG. 3. Typical examples of raw data for the parallel energy
proportionality, C, depends on the gas cell pressure andiistributions for elastic and inelastic scatterin@®) (Retarding-
length. This method was used previously by Colemarpotential analyzer signal for (a) 1.05 eV positron beam after
and McNutt, who measuref{Ej) using a time-of-flight scattering off of Ar atoms; (b) 0.35 eV beam after scattering

techni h th limited in th ffrom CK. In (b), the arrow indicates the energy loss
echnique, nowever, they were imited In he range Ocorresponding to the dominant vibrational modg)(in CF;.

energies that they could study by the relatively large energyhe solid lines in both figures represent the transmitted beam
spread of their beam [8]. when no gas is present.

(b)

sig (arb. units)

5033



VOLUME 82, NUMBER 25 PHYSICAL REVIEW LETTERS 21 UNE 1999

16 16 30
(b)
25 ¢
20 t
15+
10 t
—~ 5 [
N&Sfo I T SR oL—— + v . % I T
c 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
% 16 16 angle (deg)
© (c) (d) _ ) ) ) )
y FIG. 5. Differential elastic cross sections for positron-krypton
12 7\ scattering at energies of (a) 1.0 and (b) 2.0 eV. Solid lines
\\ are the theoretical predictions of McEachminal. [14], folded
8r \'g around® = = /2; dashed lines are the forward scattered con-
., tribution only. There are no fitted parameters.
4 \\
L v S L Seye e The solid line depicts the transmitted beam as a function
0 20 40 60 80 0 20 40 60 80 of retarding-potential energy without any scattering. The

solid circles show the integrated parallel beam energy dis-
] , ) ) , tribution after scattering from GF The excitation of a
FIG. 4. Differential elastic cross sections for positron-argonyinrational mode in CFis shown by a loss of positron

scattering. Data for positron energies of 0.4, 0.7, 1.0, an Lo . . .
1.5 eV are shown in plots (a)—(d), respectively. Solid andShergy as indicated by the arrow. We identify this en-

dotted lines are the theoretical predictions of McEachrarff@y loss to be due to the dominant asymmetric stretch
et al.[13] and Dzubaet al.[6], respectively, folded around modev; (0.157 eV) that is observed in electron scattering
0 = 7 /2; dashed lines are the forward scattered contributionand infrared absorption experiments [15,16]. The inelas-
of McEachran’s theory. There are no fitted parameters. tic scattering cross section is determined from Fig. 3(b)

by measuring the size of the scattered component relative
folded around = /2. The dashed line shows the sameto that of the incident beam and normalizing according to

theory with only the forward-scattered component. TheN€ pressure in the scattering cell. _
dotted line shows the predictions of a many-body theory Figure 6 shows the inelastic cross section as a func-
by Dzubaet al.[6]. We have also measured the DCS fortlc_)n of beam energy for positron a_nd electron coll!smns
positron scattering from krypton, which has a total scatterWith CF... We compare our data with the only available
ing cross section roughly twice that of argon. Figures 5(aff!ectron vibrational cross-section measurements foy, CF
and 5(b) show a similar set of data for positron scattering?hich were obtained using the swarm technique [16].
from krypton at scattering energies of 1.0 and 2.0 eV. ForVhile the electron cross section peaks aboveiaresh-
both the argon and krypton elastic DCS measurements, e®!d (0-0157 eV), the positron data is qualitatively different,
periment and theory are in reasonably good absolute agreESINg potentially interesting theoretical questions. Al-
ment over most of the range of energies and angles. Thefgough there is theoretical work on the excitation of vi-
appears to be systematic disagreement at large scatteriRgtional modes in molecules by positrons [7,17], to our
angles and low energies which bears further scrutiny. knowledge there are no theoretical predictions for positron

Using the cold beam, we have also measured the total
vibrational cross section for GFat positron beam energies
from 0.2 to 0.9 eV. We are able to measure the energy
lost in an inelastic collision by taking advantage of the
adiabatic invariantE, /B. If the positron travels into a
region where the magnetic field is reduced by a factor
of M following a collision, thenE, is reduced by the
same factor while the total energy of the scattered positron
remains constant. For a large reduction in fidil & 1),
the resulting parallel energyy is approximately the total o 0z o4 o6 os 10
positron energy [see Figs. 2(c) and 2(d)]. energy (eV)

Figure 3(b) shows the parallel beam energy distribu-

; ; FIG. 6. Inelastic cross section shown as a function of energy
tion, Ey, for a 0.35 eV positran beam scattered fromfor vibrational excitation of CF by (®) positrons, and from

CFy. A magnetic field ratioM = 3, 'between the gas (O) electron swarm data (Ref. [16] plotted iat5 actual value).
cell and the analyzer was used to increase the separghe collisions with CF excite the asymmetric stretch mode
tion in E between elastic and inelastic scattering eventsat an energy of 0.157 eV.

5034

angle (deg)

=
o

o]
T
o]
L]
L]

vibrational cross-section (aoz)
L]
[ ]




VOLUME 82, NUMBER 25 PHYSICAL REVIEW LETTERS 21 UNE 1999
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