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Doubly differential electron emission for transfer ionization in 100-keV H1 on Ar

G. Bernardi, P. Focke, and W. Meckbach
Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energia Ato´mica, 8400 Bariloche, Argentina

~Received 3 March 1997!

We have measured doubly differential electron emission for transfer ionization produced by 100-keV H1

impact on an Ar target. Data were obtained by measuring coincidences between electrons of selected energy
and angle of emission with outgoing H0 projectiles. The measurements covered emission angles in the range of
u50° to 160° and energies starting from 10 eV. We present a detailed discussion on the experimental condi-
tions used and give a tentative interpretation of the main features observed.@S1050-2947~97!51006-7#

PACS number~s!: 34.50.Fa, 34.70.1e, 34.90.1q
ub
h
ca
ile
a
i

nt
on
ica
lec
n
h
ch
th
le

re

to

ee
s
ct
in
on
y
ith

iz

w

s

ld
ot
io
lc

tia
n
hi

sec-
tri-
is-
he
s

in

n-
lse-
ro-

Ar
cal
of

An
l and
er.
-

ere
cted

oss
his
t

the
jec-
e-
na-
an
ron
is
od-
in

nd
t.

ron;
The ionization of atoms by ion impact has been the s
ject of extensive investigations for a long time. Althoug
total cross sections give valuable information for theoreti
discussions and a variety of applications, more deta
knowledge of the collision dynamics is obtained from me
surements of the differential cross sections for electron em
sion.

The simplest process, and in many cases the main co
bution to ionization, is the emission of one target electr
Accordingly, a great amount of experimental and theoret
work has been dedicated to collisions with one active e
tron. Experimental data, as well as theoretical discussio
are scarcer in the case of multielectron processes, suc
direct double ionization and transfer ionization, for whi
mainly total cross sections are available. A main goal of
study of these processes is to elucidate the role of the e
tron correlation, or to what extent these processes can
described by an independent electron model. Much inte
was devoted to the study of direct~without charge exchange!
double ionization of He by charged projectiles and pho
impact, recently reviewed by McGuireet al. @1#. Two pri-
mary mechanisms leading to double ionization have b
proposed for charged projectiles. At high collision velocitie
a one-step or shake-off mechanism dominates: The proje
ionizes the target; then a second electron is emitted follow
rearrangement in the remaining target ion. At lower collisi
velocities, double ionization is produced predominantly b
two-step mechanism, in which the projectile interacts w
each of the target electrons.

We concentrate here on a simple case of transfer ion
tion ~TI!, produced by 100-keV H1 impact on Ar, for which
the final state essentially comprises a neutral H0 atom and a
free electron. This process predominantly involves t
M -shell target electrons@2#, contributions from inner shells
being negligible. Although the transfer ionization proce
has not been as fully discussed as direct double ionization@1#
for the charge~Z51! and impact velocity (vp52 a.u.! used
in the present measurements, a two-step mechanism cou
expected to dominate. A reasonable agreement with t
cross sections for transfer ionization at intermediate collis
energies was obtained in independent-electron-model ca
lations by Chatterjee, Prasad, and Roy@3# and Shingal and
Lin @4#. The present measurement of the doubly differen
electron emission for transfer ionization gives additional a
more detailed information that is useful in discussing t
subject.
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Besides the available data, concerned with total cross
tions, experimental work has been done to study the con
bution of transfer ionization to the differential electron em
sion at velocities close to that of the ionic projectile, t
so-called ‘‘cusp electrons’’@5–11#. Other measurement
were performed at emission anglesu>90°, looking for the
contribution of the Thomas double-scattering mechanism
the transfer ionization process@12–14#.

Our equipment for the measurements of doubly differe
tial electron emission has been described in detailed e
where@15#. In the present measurements, the 100-keV p
ton beam was collimated to 0.2530.3 mm2 before entering
the collision chamber. The target consisted of an effusive
source, localized at the object focus of a rotatable cylindri
mirror spectrometer. A half-angle of the acceptance cone
2° and an energy resolution of 6% was used.
electrostatic-charge-state analyzer separated the neutra
charged beam components exiting the collision chamb
Neutral atoms (H0) were detected with a projectile
secondary-electron converter@16#, provided with a high-
count-rate channeltron detector. Standard electronics w
used to obtain coincidences between electrons of sele
energy and angle of emission and the neutralized H0 projec-
tiles. Total electron counts~start pulses! and total H0 counts
~stop pulses! were also registered.

As pointed out by Sarkadiet al. @9#, Závodszky et al.
@10#, and Vı́kor et al. @11#, a main source of error in the
measurement of the relatively small transfer ionization cr
section is due to double collision events. We analyze t
problem as follows. The H1 beam that arrives at the targe
contains a small contamination of H0, produced by electron
capture in the beam transport line and in the first part of
collision chamber, before the target. Furthermore, the pro
tiles (H1,H0) emerging from the target can have a charg
exchange collision in the path up to the charge-state a
lyzer. A true transfer ionization event is produced when
incident H1 captures a target electron, an additional elect
being emitted in the same single collision. Contamination
due to other collision events that lead to the same final pr
ucts.~a! A H1 can produce an electron by ionization and,
a subsequent collision~in the target or afterward!, be neutral-
ized. ~b! A capture process may occur, followed in a seco
collision by an ionization of an Ar atom, both in the targe
~c! In the case of an incident H0, a first collision in the target
can produce a free electron by loss of the bound elect
R3983 © 1997 The American Physical Society
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FIG. 1. Doubly differential cross sections
Open circles: transfer ionization~coincidence
spectra!. Dots: electron emission~singles spec-
tra!; u50° and 20°, present data;u550°, data
from Ref. @18#. Lines are guides for the eye.
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then a second collision~in the target or afterward! regener-
ates the H0 by capture.~d! In a single collision, a H0 projec-
tile can produce an ‘‘untrue transfer ionization event’’ b
ionization of an Ar atom in which the H0 does not lose its
bound electron.

We note that double collision processes can be impor
due to the large cross sections involved, as opposed
transfer ionization cross section. In our case of 100-k
H1 on Ar, the cross sections for ionization of one and tw
electrons ~without charge transfer! are s1

1154310216

cm2 and s2
1156310217 cm2, respectively. The total cap

ture cross section iss1051.2310216 cm2, whereas for
transfer ionization with two active electrons it issTI[s2

10

53310217 cm2. These data and the notation are from R
@2#. Cross sections for three-electron processes are cons
ably smaller. For an incident H0 projectile, the loss cross
section iss01>5310216 cm2 @17#.

Contamination from double collision events leads to el
tron count rates with a quadratic dependence on target th
ness. The transfer ionization process that we want to mea
has, up to a certain maximum target thickness, a linear
pendence. Then, in principle, by reducing the target thi
ness, this contamination could be reduced to a neglig
value. In the case of contamination due to single-collis
ionization of an Ar atom by a H0 projectile, special care mus
be taken. Even for small Ar pressure in the collision cha
ber, there is a fractionF0 of H

0 in the beam, produced in th
beam transport line before the collision chamber. Due to
fact that the contamination event is produced in a sin
collision, the effect on the measured coincidences depe
on the value of (s00/sTI)F0 , with s00 the cross section fo
ionization of Ar by H0. Therefore, this contamination cann
be reduced by further decrease of the Ar pressure in
collision chamber.

Now, we summarize the experimental conditions used
order to show how the contamination effects discussed ab
were maintained within acceptable values. Our meas
ments were performed with a proton-beam current of
order of 15 pA. We observed a linear behavior for the el
tron count rate in noncoincidence measurements, as a f
tion of Ar pressure in the collision chamber~i.e., target thick-
ness! in the range up to 1025 Torr. In the present
measurements, an Ar pressure of 3.531027 Torr was used.
Under this condition, a rate of 1.23105 counts/s of incident
H0 is obtained. Background pressure in the collision cham
nt
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was below 1027 Torr, and in this case the count rate fo
H0 decreased to 0.83105 counts/s. We estimate the fractio
of H0 projectiles in the beam, at the position of the target a
for the Ar pressure of 3.531027 Torr used, to be of the orde
of 0.1%.

In order to investigate the amount of contamination fro
double-collision events, we measured the rate of coin
dences between electrons and outgoing H0 projectiles as a
function of chamber pressure~Ar target!, for electrons emit-
ted at u50° at the maximum of the cusp (Ec555.3 eV).
The expected behavior is of a linear pressure term, for t
transfer ionization coincidences, and a quadratic one,
double collisions. Then the ratio between coincidence cou
and the pressure is expected to follow a linear behavior, w
an extrapolated value to zero pressure that is proportiona
the transfer ionization cross section@11#. Effectively, we ob-
served for this ratio a linear dependence up to 731026 Torr.
A fitting of the experimental data allows one to estimate,
the Ar target pressure of 3.531027 Torr used, that double
collisions account for 15% of the measured coincidenc
For electrons emitted atu550° andE5100 eV, where the
contribution of TI to the total electron emission is not
small as at the cusp maximum~as shown in Fig. 1!, we
observe that double-collision contamination is strongly
duced.

As we mentioned above, the contamination due to Ar io
ization in a single collision by H0 impact depends on the
value of (s00/sTI)F0 . With a roughly estimateds00

>10216 cm2 @17# and a neutral fraction of 0.1%, the con
tamination results in 0.3% of the total TI cross section. A
ditionally, for some selected electron emission angles
energies, we determined the amount of this contamination
a direct measurement of the Ar ionization by H0 projectiles.
We used a 100-keV pure H0 beam and measured the coinc
dences between electrons and outgoing H0 projectiles. Then,
with the estimated neutral fraction~0.1%! in the beam used
in the TI measurements, we obtained the percentage of c
cidences due to this effect. The results were as follows:u50°
at the cusp maximum,Ec555.3 eV, 15%;u50°, E510 eV,
0.7%; u520°, E525 eV, 1%. At the energy of the binar
encounter peak~target ionization!, E54 Ec cos

2u, the results
wereu50°, 0.6%;u520°, 0.2%;u550°, 0.1%.

Absolute cross-section values for the present transfer
ization data were obtained by normalizing, at each elect
angle and energy of emission, our total electron counts to
doubly differential cross section for electron emission
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100-keV H1 on Ar measured by Rudd, Toburen, and Stolt
foht @18#. As we measured the singles~noncoincidence!
spectra foru50° and 20°, not contained in the data me
tioned, our spectrum foru520° was normalized, within an
uncertainty of 15%, to an interpolation of theu510° and 30°
spectra of Rudd, Toburen, and Stolterfoht@18#. This normal-
ization procedure includes a correction factor due to the
ficiency of the H0 projectile detector, estimated as 85%@16#.

In Figs. 1 and 2 we show the doubly differential cro
section for transfer ionization, together with that correspo
ing to the noncoincidence measurements of electron e
sion. At first glance, the doubly differential cross section
TI shows a general trend like that of the electron emissi
For the latter, in accordance with tabulated total cross s
tions @2#, the ionization of one and two electrons~without
charge transfer! contributes 71.2% and 21.4%, respective
5.3% corresponds to TI and the remaining is due to proce
involving three or more electrons.

It calls attention to the fact that, foru50°, 20°, and 50°,
the contribution from binary electrons, at an energyE
54Eccos

2u, is more clearly seen in TI than in the total emi
sion. This may be attributed to a predominantly sma
impact-parameter contribution to the electron emission in
as was suggested by McGuireet al. @1#. In fact, calculations
of total cross sections at intermediate energies by Shin
and Lin@4#, within an independent electron model, show th
TI is produced at smaller impact parameters than single
ization.

At u50°, a cusp is clearly seen in the TI data, as alrea
observed by Vı´kor et al. @11# for 50-keV H1 on Ar. Here, the
cusp height in TI accounts for 0.6% of the cusp electr
production, in good agreement with the tendency of m
surements at lower impact energies@11#. In the case of single
ionization by H1, the cusp has been attributed to electr

FIG. 2. Same as Fig. 1. Electron emission data~singles spectra!
are from Ref.@18#.
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capture into the continuum~ECC! by the projectile Coulomb
field. For TI, a detailed discussion of the cusp product
mechanisms was done by Vı´kor et al. @11#. Here we limit
ourselves to pointing out that, due to the evidence of c
electron production in neutral impact and outgoing projec
collisions@9,16#, an independent electron model can expla
the observed cusp in TI. Nevertheless, only a detailed c
parison of the cusp shape obtained for TI and one obtai
for incident ~and outgoing! H0 can confirm the validity of
this argument. Otherwise, a specific mechanism, such
proposed correlated double capture@7#, would be necessary
For emission at large angles,u590°, 130°, and 160°, the
three data points for TI roughly follow the behavior of th
total electron production.

Another interesting feature is observed at low electr
emission energy. At the minimum energy measured~E510
eV! the TI cross section is, within uncertainties, almost
dependent of the emission angle. On the contrary, the t
electron emission shows a decrease with increasing an
For electron emission in the forward direction by H1 impact,
it is known that a broad ridge is observed@19#. This was
attributed to a typical two-center effect@20,21#, where the
emitted electron is subjected to the Coulomb fields of b
the projectile and the residual target ion. This ridge joins
low-energy side of the strongly asymmetric ECC peak, w
the also-asymmetric low-energy peak@22#. The behavior of
the low-energy TI data could be attributed to the fact that
the final state we have a neutral H0 outgoing projectile,
which is unable to influence the emitted electron, main
subjected to the field of the residual target ion.

In summary, we have measured the doubly differen
electron emission in a TI process for 100-keV H1 on Ar
giving detailed information, including an ample range in e
ergy and angle, with which to discuss this two-electron p
cess. A tentative interpretation of the main features obser
has been given, but it remains to be determined whether
experimental results can be reproduced by a two-step mo
where ionization and capture take place in direct project
electron interactions, or if a mechanism including electr
correlation would be necessary. We note that, even in
independent two-step model, the ionization must take i
account an initial state with a charged H1 projectile and a
final state with a neutralized H0 projectile. Additionally, a
specific mechanism for the cusp observed in TI would
required.
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