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Convoy-electron emission induced by multiple collisions of H1 and H0 on a thick He target

D. Fregenal, G. Bernardi, P. Focke, and W. Meckbach
Centro Atómico Bariloche and Instituto Balseiro, Comisio´n Nacional de Energı´a Atómica, 8400 Bariloche, Argentina

~Received 18 December 1996!

We present double-differential electron distributions, measured in the neighborhood of the velocity of the
emerging projectiles, for 45-keV H1 and H0 incident on a He target. Target thicknesses range from single-
collision conditions through a multiple-collision regime up to charge equilibrium in the emerging beam. The
convoy-electron emission yield is determined as a function of target thickness. Using a simple rate equation
and known cross sections for charge exchange and electron scattering, approximate agreement with experiment
is obtained. A smaller electron-He scattering cross section improves this agreement. This result could be
interpreted as due to the effect of the projectile Coulomb field in the transport of the electrons.
@S1050-2947~97!01607-7#

PACS number~s!: 34.80.Bm, 34.70.1e
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I. INTRODUCTION

The electron emission induced by atomic collisions w
gaseous and thin solid foil targets has been the subjec
extensive investigations. In particular much interest was
voted to the so-called convoy electrons emitted in the f
ward direction with a velocity~v! close to that of the emerg
ing projectiles ~v p). This subject has been reviewed
various works@1–4#. As a distinctive feature, a sharp pea
centered atv5v p , is observed in doubly differential electro
distributions. This peak is considered as due to the final-s
electron-ion Coulomb interaction. Under single-collisio
conditions there are two primary mechanisms for the prod
tion of electrons in the continuum of the projectile Coulom
field: electron capture to the continuum~ECC! and electron
loss to the continuum~ELC!. The former has its origin in
target ionization. The latter is produced by ionization of ele
trons originally bound to the projectile. Recently, coinc
dence measurements revealed the surprising evidence of
voy electrons emitted into the continuum of neut
projectiles that can find their origin in ECC of incident ne
tral atoms@5–7#.

Experimental studies of convoy-electron production
gas targets have been done only under single-collision c
ditions. We present here an experiment in which, start
with single collisions of incident protons~H1) and neutral
hydrogen projectiles~H0), the thicknessp, in at./cm2, of a
He gas target is purposely increased. In this way a multip
collision regime was provoked, leading to charge excha
in the projectile beam and scattering of the electrons p
duced along the beam path in the target. It was possibl
pursue this study up to the attainment of saturation of
emission of convoy electrons, which resulted when dyna
equilibrium of the charge distribution in the emerging pr
jectile beam was reached.

Up to the present, experiments concerning the depend
of convoy-electron emission on target thickness have b
performed solely with solid foil targets. For hydrogen pr
jectiles such studies could only be performed at energ
above 1 MeV/u, for which the penetration of the projectil
is sufficient to cover the transition into charge equilibriu
However, an observation of the initial rise of convo
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electron emission, which occurs in the range of small thi
nesses not accessible with foils, was not possible@8,9#.

We remark that, besides the possibility of covering t
total range of thicknesses of interest, the reduced atomic d
sity of the gas target determines, on the one hand, w
defined atomic states of the projectiles and, on the ot
hand, macroscopic mean free paths of the electrons betw
collisions. This facilitates the applicability of the simple ra
equations@4,8–10# for the description of convoy-electro
emission yields as a function of target thickness.

II. EXPERIMENT

Our experimental setup, including the electron spectro
eter, has been described in detail elsewhere@11#. A magneti-
cally selected proton beam was collimated to 0.430.4
mm2 before entering the collision chamber. A H0 beam was
obtained by charge exchange in a cell placed upstream
subsequent deflection of the remaining charged compon
The target gas was fed into a cell with a length of 30 m
provided with orifices 0.75 mm in diameter for the passa
of the projectile beam. The entrance or ‘‘object’’ focus of th
spectrometer was localized at the exit hole of this cell.
electrons born inside the target cell had also to be measu
it was verified that the acceptance of the spectrometer did
change when analyzing electrons originated up to 30 m
ahead of this focus. This was achieved by replacing the
by a thin foil target that could be displaced longitudina
through this distance resulting in convoy-electron spec
that were independent of the position of the foil.

The target thicknessp ~at./cm2) was determined by a
dynamic method: For a known flow of gas, the conductan
of the thin circular holes of the target cell permitted one
calculate the pressure in the cell. Gas flows were meas
by evacuating a container of known volume~472.4 cm3)
connected to the gas cell; the pressure in this container
registered as a function of time with a capacitance mano
eter. Simultaneously, the pressure in the collision cham
was registered with an ionization gauge. With this inform
tion it was possible to relate the target thicknessp directly to
this pressure.

The base pressure in the collision chamber was be
415 © 1997 The American Physical Society
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1027 Torr. With the target gas ‘‘in,’’ the pressure increas
from 1.531027 Torr up to 231025 Torr. This pressure
range corresponded to a range in target thicknesses, inc
ing corrections that account for the gas escaping through
cell holes, from p51.531014 at./cm2 to 4.331016

at./cm2. This represents an increase by more than two ord
of magnitude. Statistical uncertainties in the target thickn
were of the order of65%. Belowp5631014 at./cm2 they
increased up to613% for the lowest thickness. These es
mates do not include an additional constant error of69%,
due to the evaluation of the conductance of the holes in
gas cell.

When measuring electron spectra, the registered elec
counts were normalized to the projectile beam collected
Faraday cup. The incident projectiles had to traverse a
carbon foil, mounted in front of the cup entrance, in whi
the beam was charge equilibrated. In this way one obtain
collected beam signal that was independent of the evolu
of the charge fractions in the target cell.

III. MEASUREMENTS AND RESULTS

We measured convoy-electron spectra in the forward
rection for H1 and H0 projectiles at 18 different target thick
nesses. The projectile energyEp545 keV corresponding to a
velocity vp51.34 a.u., was selected in such a way that
attenuation of electrons of velocityvp (E>25 eV! by colli-
sions with atoms in the He target was dominated by
elastic scattering channel@12#.

In Fig. 1 we show electron spectra for H1 and H0 impact,
measured at four representative target thicknesses. To fa
tate the comparison of the convoy-peak shapes these sp
were normalized to unity at the peak tops.

For the smallest thickness (p51.531014 at./cm2) the
electron emission process is dominated by single-collis
conditions @13,14#. We see in Fig. 1~a! that the spectrum
obtained with incident H1 exhibits a strong negative skew
ness, typical of the ECC process. The almost symmetric p
obtained with H0 is typical of a combined ELC and ECC
process@6,7#.

With increasing target thickness, charged~H1) as well as
neutral ~H0) components occur in the beam traversing
target. Accordingly, the observed spectra@Figs. 1~b!–1~d!#
are the result of a mixture of convoy-electrons produced
charged and neutral projectiles. The shape of the con
electron peaks depends on the evolution of both charge-
fractions along the projectile beam. It also depends on
electron scattering cross sectionse ~cm2/at.! or mean free
transport thicknessle ~at./cm2)5 se

21 of the electrons in the
target. Finally, when charge equilibrium is approached in
projectile beam, the spectra obtained with incident H1 and
H0 @Fig. 1~d!# show almost the same shape, which then te
to become independent of any further increase of the t
thicknessp.

We now present a quantitative study of the evolution
the convoy-electron yields as a function of target thickne
For this purpose all the measured spectra, such as those
in Fig. 1, were integrated fromvp2Dv to vp1Dv, centered
at the velocityvp of the peak maximum. Two differen
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rangesDv50.03 and 0.003 a.u. were used. For the sma
range the integral can be considered to be representativ
the peak height. Additionally, we evaluated spectra for th
selected angular acceptances of the spectrometer, with
anglesu0 5 0.25°, 0.5°, and 1.0°. The reproducibility of th
measured yields was within65%, and up to610% for the
smallest combined angular acceptance and range of inte
tion.

We observed that the shape of the dependences withp of
the yields does not depend within statistical error limits
the angular acceptance (u0) and integration limits
(vp6Dv). Consequently, we were able to merge them,
applying appropriate scaling factors, into the two yield d
pendences representative of incident H0 and H1. These
scaling factors were determined using the respective m
count rates observed across the broad region of satura
found for target thicknesses from 1016 up to about 531016

atoms/cm2. They were selected in such way that the satu
tion yields were normalized to one. We remark that only
the smallest thicknesses (p51.531014 and 2.431014

at./cm2), the dispersion of the so-obtained data did exce
the error limits of the individual yields. However, we did no
for u051°, observe a systematic decrease of count rate
the region of low thicknesses, atributable to the fact that
this case, the 0.75-mm-diam exit of our gas target cell
poses a quickly decreasing geometrical constraint on the
fective angular acceptance for electrons emitted from the
8 mm of this cell. Due to electron scattering in the gas targ
the importance of this effect is obviously reduced.

In Figs. 2~a! and 2~b! we present our experimental yield
as a function ofp, for incident H0 and H1, respectively. For
each of the 18 target thicknesses at which measurem
were performed, we show the six experimental data poi
obtained for the three angular acceptances and both inte
tion ranges. In order not to produce superpositions, we
sisted to assign differents symbols for each of the six co
binations, limiting ourself to use crosses, the vertical a
horizontal widths of which represent the statistical errors
yields and target thicknesses, respectively.

We now discuss the evolution of the yieldsY(p), shown
in Fig. 2. Following Koscharet al. @9# and Barrachinaet al.
@10# ~see also Ref.@4#!, we write

Y~p!5E
0

p

dp8@F0~p8!s01F1~p8!s1#

3exp@2se~p2p8!#. ~3.1!

HereF0(p8) andF1(p8) describe the local charge fraction
of neutral~0! and charged~1! projectiles as a function of the
penetration (p8) of the projectiles passing through the targ
of total thicknessp. s1 and s0 are defined as the cros
sections for production of convoy electrons by H1 and H0.
s1 corresponds simply to the convoy electron production
the ECC process.s0 includes two channels: ELC from H0

and ECC into a continuum state of H0 @6,7#. The term in the
first set of square brackets accounts for the local sourc
continuum electrons: At each positionp8 in the target we
have a neutralF0(p8) and a chargedF1(p8) beam compo-
nent, each of which produces convoy electrons. The elim
tion from the measurement of part of these electrons by e
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FIG. 1. Evolution of electron spectra for H1

and H0 for four target thicknessesp. The spec-
trometer angular acceptance wasu050.5°.
in

int

e r
s

tic scattering is accounted for by the exponentially decay
term exp@2se(p2p8)#, where se is the elastic scattering
cross section of the electrons and (p2p8) the distance in
thickness from their place of birth to the target exit.

The charge fractionsFi(p8) ( i50,1) can be written in
terms of the total cross sections for electron capture
H1 (sc) and for electron loss from H0 (s l) as

Fi~p8!5Fi~0!exp~2sp8!1Fi~`!@12exp~2sp8!#,
~3.2!

with s5s l1sc . The charge equilibrium fractions can b
expressed asF0(`)5sc /s andF1(`)5s l /s @10#.
g

o

After integration, Eq.~3.1! reads

Y~p!5Bexp~2sp!2~A1B!exp~2sep!1A, ~3.3!

A5s1@~s0 /s1!F0~`!1F1~`!#/se ,

B5s1$~s0 /s1!@F0~0!2F0~`!#

1@F1~0!2F1~`!#%/~se2s!.

Obviously,A5Y(`) is the steady-state yield obtained fo
p→`. Inspection of Eq.~3.3! reveals that the cross section
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s l , sc , andse , together with the ratios0 /s1, determine
the shape of the yield dependenceY(p) as a function of the
target thickness.

We now proceed to discuss possible systematic er
with reference to the integrated yields, due to simplificatio
implicit in the above model. In the first place the use of t
total electron scattering cross sectionse would imply that all
the scattered electrons were eliminated from the meas
ment, a condition asymptotically fulfilled foru0→0. In fact,
our electron spectrometer presents a finite acceptance in
solid angle, so we detect some of the scattered electr
However, within experimental error limits, no systema
changes of the shape of the measured yield depende
were observed when we purposely changed the half angle
our angular acceptance cones (u05 0.25°, 0.50°, and

FIG. 2. Convoy electron yield as a function of target thickne
for ~a! H0 and ~b! H1 incident projectiles. Experimental data a
represented by crosses whose size corresponds to target thic
and yield uncertainties. Dashed lines, yield resulting forse of free
electrons; dotted lines, same as dashed lines, but including ext
quoted error limits fors l , sc , se , ands0 /s1 ~see the text!; full
line, yield obtained withse f f ~see the text!.
rs
s

e-

the
s.

ces
of

1.0°). This is a consequence of the fact that at veloci
v'vp the differential cross section for electron scattering
such that almost all the electrons are scattered into an
larger than 1°.

We observed a slight shift of the peak maxima towa
lower energies. The maximum of this shift was 0.16 eV
the thickest target used (p54.331016 at./cm2) and is in
accordance with known stopping cross sections of hydro
projectiles in He@15#. Including in the integral of Eq.~3.1!
the corresponding shift in energy as a function of the de
of origin of the convoy electrons in the target, only a neg
gible change in the calculated yields is obtained. Additio
ally we checked the relative importance of the angu
(a1/2) and energy straggling (V) of the projectiles on the
measured yields. From Refs.@16,17# we obtain for the maxi-
mum target thicknessa1/250.08° andV50.160 keV, which
results in an energy straggling of 0.09 eV for the electro
These effects were small compared to the angular and en
acceptance of our spectrometer.

For the comparison of the calculated yields in Eq.~3.3!
with our experimental yields~Fig. 2! we employ published
measured values for the cross sections:s l5~1.23 6 0.15!
310216 cm2/at. @13#, sc5~1.34 60.40!310216 cm2/at.
@14#, andse5~2.516 0.10!310216 cm2/at. @12#. The ratio
s0 /s1 was obtained by means of an independent meas
ment using an effusive gas target, under single-collision c
ditions (p'1013 at./cm2). We repeated this measureme
with the three different angular acceptances and using
two specified ranges of integration, obtainings0 /s151.5
60.2.

In Fig. 2 we show the yieldsY(p), calculated from Eq.
~3.3! ~dashed lines!, for incident H0 @F0~0!51, F1~0!50#
and H1 @F0~0!50,F1~0!51#. For each curve a scaling facto
was used as a fitting parameter. Two extreme curves~dotted
lines! are also shown, as result of considering the uncerta
ties in the cross sectionss l , sc , andse and in the ratio
s0 /s1. Only approximate agreement with the experimen
results is observed. Alternatively, when besides the abo
mentioned scaling factor also the electron scattering cr
sectionse is used as a free parameter, an improved agr
ment with the measured yields is obtained~full lines! with a
decreased ‘‘effective’’ scattering cross sectionse f f , corre-
sponding to an increased effective penetration de
le f f5se f f

21 . These results are shown in Table I. The unc
tainties in s l , sc , and s0 /s1 are taken into account to
evaluate the uncertainty inse f f .

It is important to point out that an additional simplifica
tion of the model is that it considers monoenergetic electr
with an electron scattering cross sectionse corresponding to
the energy at the peak top. Contrarily, the experimen
yield, defined by an integration of the measured spectra,
cludes a range of electron energies. The largest interva

s

ess

me
TABLE I. Free-electron scattering cross sectionse and mean penetration thicknessle5se
21 from Ref. @12#, compared to an effective

scattering cross sectionse f f and penetration thicknessle f f , as obtained by fitting the experimental yield dependences of Fig. 2.

Projectile se ~10216 cm2/atom! se f f ~10216 cm2/atom! le ~1015 atoms/cm2) le f f ~1015 atoms/cm2)

H0 2.5160.10 1.7360.17 4.0060.16 5.786 0.58

H1 2.5160.10 1.3360.15 4.0060.16 7.526 0.85
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integration covered the range from 23.9 to 26.1 eV, with
which the free-electron scattering cross section changes
se52.61310216 to 2.41310216 cm2/at. @12#. The smaller
values ofse f f , obtained for the best fit of the experiment
data, are clearly outside these limits.

IV. DISCUSSION AND CONCLUSIONS

Let us take a closer look at the results obtained w
incident H0. For the smallest target thickness
p<2.431014 atoms/cm2, using the cross sections l51.23
310216 cm2/atom@13# for projectile ionization, we find tha
ps l /2,1.531022. Hence the condition for single collision
is well approximated. This is in accordance with the fact t
the symmetric shape of the spectra shown in Figs. 1~a! and
1~b!, which was characteristic for the above-mentioned
perposition of ELC and ECC of neutral projectiles, is ma
tained for the smallest thicknesses. Furthermore, it is als
accordance with the initial slope of the convoy-electron yi
dependenceY(p), represented in Fig. 2~a! in doubly loga-
rithmic scale, which is equal to one within experimental u
certainties, meaning thatY(p) is proportional top.

With increasing thicknessp, projectiles of both charge
states~H0,H1! are present in the target cell. An increasi
contribution from ECC into H1 manifests itself in a gradu
ally increasing negative skewness of the measured c
@Fig. 1~c!#. Forp>331016 this skewness ends up in a co
stant ratio of approximately 1.7:1 for the respective par
left-right half-widths~Fig. 1~d!#. Furthermore, as soon as th
target thickness exceeds the effective transport thickn
le f f5se f f

21 of the convoy electrons, the slope ofY(p) begins
to decrease gradually, then being predominantly determ
by the evolution of the charge distribution in the project
beam. Finally, it reaches saturation when charge equilibr
is attained at a thicknessp85p2le f f inside the target.

The almost perfect fit of the experimental data obtain
with incident H0 when leaving the scattering cross section
a free parameter induces confidence in the applied model
the resulting value ofse f f ~or le f f). Contrarily, with incident
H1, the agreement is not so perfect. For the smallest th
nessesp<2.431014 atoms/cm2 and using the cross sectio
for electron capturesc51.34310216 cm2/atom @14#, one
obtainspsc/251.631022. This value is small enough for
reasonable approximation to single collisions. However,
see in Figs. 1~a! and 1~b! that already for the smallest thick
nesses there is a tendency to symmetrization. This effe
already remarkable forp59.831014 atoms/cm2 @Fig. 1~c!#.
The most immediate conclusion would be that already
these low thicknesses, a quickly increasing admixture of c
voy electrons stemming from H0 is present in the measure
cusps. This is in agreement with the fact that in Fig. 2~b! the
initial slope of the experimental yield is equal to about 1
instead of 1.0 as expected for single collisions. Accordin
for incident H1 a satisfactory fit with the model leading t
Eq. ~3.3!, which imposes single collisions at low target thic
nesses, is not possible.

In order to account for the above-mentioned discrep
cies, we used a three-component system by inclusion
metastable 2s states in Eqs.~3.1!–~3.3!, but failed to im-
m
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prove the agreement with the experimental evidence
served with incident H1. A tentative interpretation of this
situation could be thatsc includes capture into highly ex
cited Rydberg states, the probability of which is compara
with that for ECC. Such Rydberg electrons can then be s
posed to be ionized easily into the projectile continuum in
subsequent collision.

Summarizing our evidence, an experimental study of
emission of convoy electrons as a function of target thi
nesses, including the transition from single-collision con
tions up to the final saturation in shape and yield, has b
performed with H0 and, in a less definite manner, with H1

of 45 keV, incident on a He gas target. We remark that
measurements of Koscharet al. @9#, with 3-MeV H0 and
H1 projectiles on carbon foils cover only a range of thic
nesses whose lower limit, at which for incident H1 a de-
crease to 80% of the saturation yield is obtained, is roug
equivalent to only 1.031016 atoms/cm2 on our scale~Fig.
2!.

The fact that we find an effective mean transport thic
nessle f f larger thanle , the transport thickness of free ele
trons, focuses attention on the influence of the Coulo
attraction by the charged projectile, ‘‘felt’’ by convoy elec
trons in solid foil targets. This subject has received cons
erable attention in the literature. Initially a mechanism
‘‘Coulomb focusing’’ @18#, acting upon the convoy electro
as such, was tentatively supposed to be responsible for
served enhanced transport thickness. However, classical
culations, using stochastic dynamics@19#, led to a more ef-
fective scattering of electrons by target atoms if they
exposed to the attraction of charged projectiles. The con
quence of this effect, called ‘‘Coulomb defocusing,’’ mea
a reduction of the penetration of convoy electrons compa
to that of free electrons. However, these same calculat
led to cycles of transient trapping of these electrons i
bound, preferably highly excited, Rydberg states of the p
jectile and subsequent release into the low lying projec
continuum states typical for convoy electrons. This dynam
mechanism of electron-ion correlation, characterized by
increased transport thickness of such ‘‘entrained’’ electro
@20#, part of which is finally emitted as convoy electron
does not include any of the properties typical for a so
target. Consequently, it is more justifiable to apply this arg
ment to interpret the increasedle f f , compared tole of free
electrons, observed in the present study of convoy-elec
emission from thick gaseous targets. More experimental
formation with reference to convoy electrons from thick ga
eous targets is desirable particularly at higher projectile
ergies, where the contribution from inelastic electr
scattering is present. Then, also the enhanced cross se
for electron loss would dominate the yield dependences.
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@6# X. Kövér, L. Sarkadi, J. Pa´linkas, L. Gulyás, Gy. Szabo´, T.
Vajnai, D. Rere´nyi, O. Heil, K. O. Groeneveld, J. Gibbons, an
I. A. Sellin, Nucl. Instrum. Methods Phys. Res. B42, 463
~1989!.

@7# P. Focke, G. Bernardi, D. Fregenal, and W. Meckbach~unpub-
lished!.

@8# R. Latz, J. Schader, H. J. Frischkorn, K. O. Groeneveld,
Hofmann, and P. Koschar, Z. Phys. A304, 367 ~1982!.

@9# P. Koschar, A. Clouvas, O. Heil, M. Burkhard, J. Kemmle
,

.

.

and K. O. Groeneveld, Nucl. Instrum. Methods Phys. Res
24, 153 ~1987!.

@10# R. O. Barrachina, A. R. Gonĩ, P. Focke, and W. Meckbach
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