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Double Scattering Effects in the Ionization Spectrum Produced
by Single Energetic Atomic Collisions

S. Suárez,* R. O. Barrachina, and W. Meckbach
Centro Atómico Bariloche and Instituto Balseiro,† 8400 S. C. de Bariloche, Rı´o Negro, Argentina

(Received 15 March 1996)

We present experimental evidence of double scattering processes in the ionization of hydr
projectiles by single collisions with He targets at intermediate energies. We observe a disti
shoulder in the electron velocity distribution in the forward direction at a velocity approximately 3 t
greater than the velocity of the projectile. We interpret this structure as due to the emission of pro
electrons which have undergone two consecutive binary scattering processes: one with the targe
place, followed by a second one with the projectile nucleus. [S0031-9007(96)00587-X]

PACS numbers: 34.50.Fa
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The velocity distribution of electrons emitted in ene
getic atomic collisions has been actively investigated d
ing the past three decades (see, for instance, the re
paper by Ruddet al. [1]). This continuing interest has
been prompted by information on the interactions a
mechanisms involved in the ionization process wh
underlie these structures. The traditional picture c
tains three main features of the ionization cross sec
dsyd3ve. They are the binary encounter (BE) sphere
which can be produced by target or projectile ionizatio
and two sharp peaks which may appear, one centere
velocity space at the origin [3] and the other at the vel
ity vp of the incident projectile [4–7]. These structur
are closely related to two-body interactions of the ejec
electron with the target and the projectile. In any ca
the cusp-shaped peaks have been traditionally attribute
a mechanism where the ejected electron ends up in a
lying continuum state of the “charged” residual target
projectile. On the other hand, the binary encounter proc
occurs as the result of an impulsive two-body interact
when an electron initially bound to one atom (target or p
jectile) is expelled by an elastic binary encounter with t
other atom (projectile or target). This process gives rise
a peak in the velocity distribution located on a “sphere”
radius approximately equal toyp and centered either abou
ve ­ vp or ve ­ 0, depending on whether the electron
originally attached to the target or the projectile, resp
tively. The velocity distribution of this initial bound stat
determines the shape of the shoulder in the ionization c
sectiondsyd3ve.

In due time, it became clear that the cusp-shaped pe
could not be properly described in terms of a simple tw
body interaction mechanism of the electron with either
target or the projectile, respectively. Thus the promin
asymmetry of the peak atve ­ vp in isolated ion-atom
collisions was interpreted as being due to the interac
of the electron with the residual target ion [8]. This effe
showed the importance of thinking of the final continuu
state as a three-body, not a two-body, system and led t
active search for other three-body effects. Experime
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evidence of such an effect was given by the observat
of an enhanced emission at speeds in between the ta
and projectile velocities [9]. Even though this first “ridge
was magnified by a finite-length target distortion [10], i
existence has been considered to be the fingerprint o
three-body effect. A proper theoretical description of t
ridge structure and cusp asymmetry is, however, a m
tougher endeavour, in view of the fact that it requires t
analysis of the electron moving in the combined potent
fields of both atoms simultaneously (see, for instan
Ref. [11]).

Three-body effects do not represent a new idea
atomic collisions. For instance, their importance in ele
tron capture collisions at high impact energies was alrea
suggested by Thomas [12] in 1927. In a classical desc
tion, Thomas supposed that, in order to be captured,
electron has to emerge with a velocity close to that of t
projectile. This implies a mechanism where the electr
is knocked by the projectile towards the target nucleus
an angle of 60± with a speedye ø yp where it under-
goes a second elastic collision which deviates it back i
the direction of the projectile. The momentum transf
to the electron in the first collision modifies the traje
tory of the projectile which ends up moving in a directio
uT ø

p
3 mey2Mp, whereme and Mp are the masses o

the electron and the projectile, respectively. The sea
for a fingerprint of this double scattering mechanism [1
ended when the existence of a “Thomas” peak atuT in the
angular differential cross section for the scattering of t
projectile in a charge-exchange collision was experime
tally confirmed by Pedersen, Cocke, and Stöckli [14] f
the H1 1 He system.

We investigate an ionization process in atomic col
sions, looking for evidence of a three-body effect whic
resembles the double scattering mechanism of Thomas
with no restriction on the scattering angle in either of t
elastic collisions. Presently, we are considering an io
ization mechanism where the electron suffers two bina
collisions, one with each collision partner participating
the scattering process. Stretching this idea, it is possibl
© 1996 The American Physical Society
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imagine a multiple scattering sequence where the electr
suffers a series of binary collisions alternating between t
target and the projectile. When restricted to the forwar
direction, this mechanism has some similarity to a classic
model proposed by Fermi [15] for describing the acceler
tion of cosmic rays by collisions against moving magnet
fields. This model has been recently considered [16–1
within the context of speculations on cluster-impact fusion
where deuterons bouncing between a titanium deuteri
surface and heavy-water cluster projectiles could buildu
a high-energy tail of theD distribution [19].

A search for Fermi acceleration effects in atomic co
lisions has occurred in recent years. The first theoretic
evidence of such an effect came from a quantum mod
with zero-range potentials in one and three dimension
which featured peaks and dips located at velocitiesye ø
2nyp sn ­ 1, 2, . . .d in the forwardsue ­ 0±d and back-
ward sue ­ 180±d ionization spectra [20]. On the other
hand, the experimental evidence for the presence of su
structures has been ambiguous. While preliminary expe
ments on H1n sn ­ 1 3d traversing thin carbon foils failed
to reveal any indication of enhanced electron emission b
yond the binary encounter peak [21], a strong target depe
dence of the emission spectra at large electron energies
H1 colliding with He, Ne, C, and Au has been tentatively
attributed to a Fermi acceleration mechanism [22,23].
similar multiple collision sequence has also been propos
with relation to the high-energy tails observed in the ele
tron spectra induced by slow heavy ion bombardment
metals [24,25].

In Fig. 1 we show a scheme of what is to be expecte
on classical grounds from a sequence of binary collisio
for the case of (a) projectile or (b) target ionization
This scheme generalizes the idea of knock-on collisio
sequences, showing how this three-body effect can mod
the emission of electrons in directions out of 0± or 180±.
In Fig. 1(a) a projectile electron suffers a binary collision
with the target and acquires in the target frame a veloci
approximately equal toyp, with no restriction on the
emission anglef. As seen from the projectile, this
electron obeys a2yp cosu law, where the angleu ­ sf 2

pdy2 is defined in the moving system. If, prior to ejection
this electron is elastically scattered by the projectile, simp
kinematical considerations show that its final velocityve

would be located in velocity space on the surface of
sphere centered atvp with radius approximately equal
to 2yp cosu. In principle, the accumulation of all these
double scattering processes, corresponding to differe
values of the anglef, would “fill” a sphere of maximum
radius approximately equal to2yp aroundvp, giving rise to
a shoulder in the velocity distribution, which in the forward
direction is located atye ø 3yp . This same scheme can
be repeated in order to consider the effect of a sequen
of an arbitrary number of alternate binary collisions with
the target and the projectile. It can also be appliedmutatis
mutandisto the case of target ionization, as it is show
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FIG. 1. Generation of a “secondary” binary shoulder by
sequence of two consecutive elastic collisions of a projec
(a) or target (b) electron with its collision partners. See t
text for details.

in Fig. 1(b), where a double scattering process of t
electron first with the projectile and then with the residu
target would give rise to some structure in the veloci
distribution forye up to2yp.

In this paper we search for experimental evidence
these double scattering structures in ionization collisio
of He by H0 and H1 impact. The experimental setup use
including our coaxial cylindrical electron spectrometer,
described in detail in a previous paper [26]. Briefly,
proton beam with energies ranging from 20 to 100 ke
delivered by the Bariloche Cockcroft-Walton accelerat
was partially neutralized to obtain a H0 beam. Beam
intensities were of the order of1 3 109 particlesys. A
collimator of 0.6 mm diameter allows the beam to enter t
collision chamber and collide with a He target jet provide
by a hypodermic needle. The needle tip, positioned
the spectrometer focus just above the beam line, perm
us to obtain a localized target, thus reducing deformati
of the measured spectra to a minimum and obtaini
relatively large counting rates at small pressures in t
475
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scattering chamber. The He gas pressure in the cham
was approximately equal to2 3 1025 Torr, and linearity
of counts with pressure was verified up to5 3 1025 Torr.
An angular electron acceptance cone with a half an
u0 ­ 2.5± was used. The background without gas tar
at a pressureP , 2 3 1027 Torr was measured and foun
to be smaller than 5% of the “target-in” signal, even with
the highest energy range.

As count rates in the covered high-energy range w
low, we increased the size of the orifice (O1 of Fig. 1
in Ref. [26]) situated at the image focus on the axis
the two concentric cylinders of the spectrometer. T
changed the electron energy resolution from 1% to 4
No dependence of the shape of the measured spectra
the energy resolution was verified. The contribution
undesired low-energy electrons which could have b
detected after hitting internal surfaces of the spectrom
was also tested by changing the preacceleration vol
at the entrance of the channeltron cone from1100 to
210 V. No changes were observed within the high
energy range of the detected electrons. Furtherm
when closing the orificeO1 completely, the measure
signal was found to be negligible.

It is clear from Fig. 1(b) that, for the H1 1 He colli-
sion, no distinctive structure is expected to be observe
the electronic signal atye ø 3yp . Therefore, this signa
can be employed to normalize the data correspondin
the H0 1 He collision and thus enhance the double sc
tering shoulder. Characteristic double differential el
tron spectra are shown in Fig. 2, as resulting from 30 k
H0 1 He andH1 1 He collisions.

In Fig. 3 we show the ratio of the electron emissi
spectra in the forward directionue ­ 0 from H0 and H1

FIG. 2. Double differential electron distributions in the fo
ward direction resulting from 30 keVH0 1 He s±d andH1 1
He s≤d ionization collisions.
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impact on He. For 20, 30, and 50 keV we observe
distinctive structure atye ø 3yp, which we interpret as
due to the emission of projectile electrons that, in the sam
collision process, has undergone two consecutive bina
interactions: one with the target in first place and one wi
the projectile nucleus.

For 20 keV the ratio tends to a constant value a
large electron velocities, between3.5yp and 4.5yp ; a
region where no prominent features are expected eith
for the H0 1 He (projectile ionization) or for theH1 1

He (target ionization) process. Such a saturation w
not observed in the 30 and 50 keV data due to th
low count rates at higher electron velocities. Howeve
it can be inferred from the high velocity dependence
Measurements performed at 67 and 100 keV show
poor statistics. This was due mainly to a decrease wi
increasing projectile energy of the intensity of the H0

beam by charge exchange [27]. At this higher energ
range, no structure atye ø 3yp could be identified within
the large experimental uncertainties. In view of thes
results, further studies of this effect for larger projectil
velocities would be desirable in order to discern wheth
it is a low-energy effect or if it can be observed even fo
high energies. In this case a comparison with a two-cen

FIG. 3. Experimental ratio between the electronic intensitie
in the forward direction forH0 1 He andH1 1 He collisions
at 20, 30, and 50 keV.
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theory [28], valid for these energies, would be possib
and could give rise to a better understanding of the effe

The authors wish to thank G. Bernardi and P. Focke
their interest and for very helpful discussions during th
data collection phase of this work. The critical commen
on the manuscript by Professor K. O. Groeneveld a
greatly appreciated. Partial support of the Internation
Atomic Energy Agency is acknowledged.

*Also member of the Consejo Nacional de Investigacion
Cientı́ficas y Técnicas (CONICET), Argentina.

†Comisió Nacional de Energı´a Atómica y Universidad
Nacional de Cuyo, Argentina.

[1] M. E. Rudd, Y. Kim, D. Madison, and T. Gay, Rev. Mod
Phys.64, 441 (1992).

[2] D. H. Lee, P. Richard, T. J. M. Zouros, J. M. Sanders, J.
Shinpaugh, and H. Hidmi, Phys. Rev. A41, 4816 (1990).

[3] S. Suárez, C. Garibotti, W. Meckbach, and G. Bernard
Phys. Rev. Lett.70, 418 (1992).

[4] G. B. Crooks and M. E. Rudd, Phys. Rev. Lett.25, 1599
(1970).

[5] A. Salin, J. Phys. B2, 631 (1969).
[6] J. H. Macek, Phys. Rev. A1, 235 (1970).
[7] F. Drepper and J. S. Briggs, J. Phys. B9, 2063 (1976).
[8] R. Shakeshaft and L. Spruch, Phys. Rev. Lett.41, 1037

(1978).
[9] W. Mechbach, P. J. Focke, A. R. Goñi, S. Suáre

J. Macek, and M. G. Menéndez, Phys. Rev. Lett.57, 1587
(1986).

[10] G. Bernardi, S. Suárez, P. Fainstein, C. Garibot
W. Meckbach, and P. Focke, Phys. Rev. A40, 6863
(1989).

[11] J. E. Miraglia and J. Macek, Phys. Rev. A43, 5919 (1991).
[12] L. H. Thomas, Proc. R. Soc. London A114, 501 (1927).
[13] Strictly speaking, the Thomas’ mechanism is a trip

scattering effect [8].
le
ct.
or
e
ts
re
al

s

.

i,

,

i,

e

[14] E. H. Pedersen, C. Cocke, and M. Stökli, Phys. Rev. Le
50, 1910 (1983).

[15] E. Fermi, Phys. Rev.75, 8 (1949).
[16] C. Carraro, B. Q. Chen, S. Schramm, and S.. E. Koon

Phys. Rev. A42, 1379 (1990).
[17] M. Hautala, Z. Pan, and P. Sigmund, Phys. Rev. A44,

7428 (1991).
[18] J. Burgdörfer, J. Wang, and R. H. Ritchie, Phys. Scr.44,

391 (1991).
[19] R. J. Beuhler, Y. Y. Chu, G. Friedlander, L. Friedman

J. G. Alessi, V. LoDestro, and J. P. Thomas, Phys. Re
Lett. 67, 473 (1991);67, 2108 (1992).

[20] J. Wang, J. Burgdörfer, and A. Bárámy, Phys. Rev. A43,
7 (1991).

[21] M. Jung, M. Schosnig, M. Tobisch, K. O. Groevenveld
and H. Rothard,Annual Report of the Institut für Kern-
physik (J. W. Goethe University, Frankfurt am Main,
1992), Vol. IKF-52, p. 26.

[22] S. Suárez, G. Bernardi, P. Focke, W. Meckbac
M. Tobisch, M. Jung, H. Rothard, M. Schosnig, R. Maie
A. Clouvas, and K. O. Groeneveld, Nucl. Instrum. Meth
ods Phys Res., Sect. B86, 197 (1994).

[23] S. Suárez, W. R. Cravero, R. O. Barrachina, W. Meckbac
R. Maier, M. Tobisch, and K. O. Groeneveld, Proceeding
of the Symposium on Two-Center Effects in Ion-Atom
Collisions (AIP, Lincoln, Nebraska, 1994).

[24] R. A. Baragiola, E. V. Alonso, A. Oliva, A. Bonnano, and
F. Xu, Phys. Rev. A45, 5286 (1992).

[25] P. Sigmund, inIonization of Solids by Heavy Particles,
edited by R. Baragiola, NATO ASI Series B (Plenum
New York, 1993).

[26] G. Bernardi, S. Suárez, P. Focke, and W. Meckbac
Nucl. Instrum. Methods Phys. Res., Sect. B33, 321
(1988). G. Bernardi, S. Suárez, D. Fregenal, P. Focke, a
W. Meckbach, Rev. Sci. Instrum.67, (1996).

[27] S. Allison, , Rev. Mod. Phys.30, 1137 (1958).
[28] P. D. Fainstein, V. H. Ponce, and R. D. Rivarola, J. Phy

B 24, 3091 (1991).
477


