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Absolute measurements of electron-loss cross sections of He1 and C31 with atomic hydrogen
at intermediate velocities
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Cross sections for electron loss of He1 and C31 projectile ions on atomic and molecular hydrogen were
measured in the 0.5-MeV<E<3.5-MeV energy range. The measurements of thesH2

/sH cross section ratios
were made by using an absolutely calibrated hydrogen furnace. The influence of different models describing
the form factor of molecular hydrogen is examined by means of the ratiosH2

/sH , which is sensitive to the
model adopted, particularly in the case of He1 projectiles. The general behavior of the measured data is
analyzed within the independent electron approximation including the electron loss~screening and antiscreen-
ing contributions!, electron capture, and target ionization channels. The connection between the antiscreening
mode and the electron impact ionization of multicharged ions is explored.@S1050-2947~98!04008-6#

PACS number~s!: 34.50.2s, 34.701e, 52.20.2j
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I. INTRODUCTION

In recent years, a considerable effort has been spen
organize and understand the basic ideas and concepts re
to dynamic electron-electron correlations in atomic collisio
@1–5#. Dynamic correlation involves multiple electronic tra
sitions, and the understanding of these correlations, w
many electrons participate, is difficult both from the theor
ical and experimental points of view. For that reason, ther
a demand for studying simpler collision systems, where th
correlations are restricted to two-electron transitions. In
case of one-center correlation@1#, where the two electrons
are associated with one of the collision partners, collision
bare ions with He targets are the natural choice to study
kind of correlation. In the case of two-center correlations@1#,
where each one of the two electrons is associated with e
collision partner, collisions of one-electron projectiles w
atomic hydrogen are the most convenient systems to limit
correlation to two electrons only. This is an important virt
of atomic hydrogen targets, not mentioned in the literatu
Indeed, atomic hydrogen has been used mostly to study
lision systems without or ignoring dynamic correlations.

One important feature of the two-center correlation as
ciated with electron loss, also called antiscreening@3#, is that
it has an effective threshold at intermediate velocities, wh
makes measurements in the intermediate-to-high velocity
gion essential to study this mechanism. However, there
very few experimental data with atomic hydrogen targets
this velocity regime with even less absolute measurem
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among them. For example, the He1 electron loss data o
Hvelplund and Andersen@6# and the He1 electron loss data
of Shahet al. @7# were normalized by the He21 capture data
of Shahet al. @8#, which, in turn were normalized by abso
lute electron capture measurements by protons of McC
@9#. A similar scenario holds for C31, another projectile
studied in this work.

Due to the practical impossibility to obtain pure atom
hydrogen targets, absolute measurements involving H at
are performed by means of the measurement of the r
sH2

/sH . This ratio also explores the differences in electr

loss due to the molecular nature of H2 when compared with
H.

Meyerhofet al. @10# showed that the H2 molecular form
factor affects in different ways the screening and the an
creening contributions to electron loss. The ratiosH2

/sH is
particularly sensitive to the way in which the interferen
caused by the two nuclei of the H2 molecule is modeled by
the calculations. This sensitivity of the electron loss cro
section to the molecular form factor is enhanced for lig
projectile ions, such as the He1 studied in this work.

A further step in studying two-center electron-electr
correlation is to consider this interaction when other collisi
channels occur concomitantly. This happens in collisions
volving multiply charged ions and neutral targets, a situat
explored in this work by using C31 projectiles. In the colli-
sion regime studied here, essentially only the 2s electron of
the C31 ion is active and, from this perspective, this syste
is similar to He11H0, with only two active electrons. How
ever, electron capture becomes relevant for C31 projectiles,
requiring two-step processes, such as capture-loss, to be
sidered in the intermediate-velocity regime. As a con
quence, the theoretical analysis becomes more labor
1204 © 1998 The American Physical Society
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compared to the He1 case. The independent electron a
proximation~IEA!, which has been successfully used in se
eral collisions systems and at different velocity regimes@2#,
is used to interpret the experimental data. From this analy
the possibility to make a direct comparison between m
surements of electron loss and of electron impact ioniza
of multiply charged ions is shown, building a bridge betwe
these two apparently dissociated branches of atom
collision physics.

This paper is organized as follows: in Sec. II, the expe
mental arrangement and procedures are described and
measurements are presented. In Sec. III, the experime
sH2

/sH ratios for electron loss are compared with vario
theoretical approximations, taking into account the screen
and antiscreening contributions to the H2 form factors. In
Sec. IV, the interconnection between electron loss and e
tron impact ionization is discussed for He1 projectiles. In
Sec. V, the measured cross sections for C31 electron loss are
compared with theoretical calculation based on the IEA, c
sidering the screening and antiscreening contributions
electron loss, as well as the electron capture, target ioniza
and transfer-loss channels. In Sec. VI, a summary of
work is presented.

II. EXPERIMENT

A general sketch of the experimental arrangement
shown in Fig. 1. Singly-charged He1 or C1 beams with
energies between 0.5 and 3.5 MeV are delivered by
4-MV Van de Graaff accelerator of the Catholic Univers
of Rio de Janeiro. After being charge and energy analyz
the selected beams enter the experimental line through
switching magnet. The higher charge state C31 beams are
obtained by a gaseous stripper placed just before the sw
ing magnet. The He0, He1, and C31 beams are collimated
by a 0.2-mm-diameter aperture, pass through an electros
deflector, a cleaning magnet, and enter the scattering ch
ber. A 4-kV/cm electric field is applied in the electrosta
deflector, 30 cm long, if the He0 beam is used. The cleanin
magnet, located at;0.2 m from the center of the scatterin
chamber, makes the final charge state selection and e
nates undesirable contributions from beam contamina

FIG. 1. Sketch of the experimental arrangement; the gas ch
ber with the hydrogen furnace is in the inset.
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and charge-exchange collisions in the beam line which
kept at a pressure below 1026 Torr. After passing through
the gas chamber, which houses the atomic hydrogen furn
the emergent beam is charge-analyzed by the analyzing m
net and impinges on thex-y position-sensitive channel-plat
detector placed in the detection chamber located;4.5 m
downstream. This detector also allows a proper spatial se
ration of the spurious beams split by the cleaning magnet
obtain a clear separation of the spurious beams when
atomic hydrogen furnace is working the main beam must
properly focused in order to obtain a small spot size on
x-y detector. The high electric current of the furnace d
forms the beams passing through the gas cell and sig
cantly enlarges the spot sizes in thex-y detector compared
with those obtained with the furnace off. Although the r
sults for electron capture are not reported here, this cha
was also measured to correctly account for the conserva
of the particle flux. This is an important point mainly fo
C31, where electron capture is a major charge-chang
channel for this projectile.

The furnace design as well as its absolute calibration
described in greater detail elsewhere@11# and only the major
points of the setup and calibration procedure are reca
here~see inset of Fig. 1!. The furnace is made of a tungste
sheet 0.025 mm thick, 8.0 cm long and 3.7 cm wide rolled
a tube-shaped form with 5.3 mm external diameter which
held at the ends by two molybdenum caps. The later are h
by two water-cooled copper pieces which provides
proper refrigeration of the furnace, as well as allowing
supply of 110 A ac electric current to heat the tungsten tu
up to 2600 K. The large radiative heat transfer from t
tungsten cell to the surroundings causes thermal desorp
from almost all surfaces in the gas chamber. Careful surf
cleaning and efficient vacuum pumping is thus needed
keep the system clean of impurities during the furnace
eration. During normal operation, at 2600 K, the press
in the gas chamber was kept below 1.031026 Torr or
3.031026 Torr, without or with H2 feeding, respectively.
The molecular hydrogen is fed into the center of the tungs
cell through a second tungsten tube with 2 mm diameter
eventually makes a dissociative reaction with the hot walls
the cell. The final mixture of H and H2 in the cell is a result
of the balance between the dissociation and recombina
processes in the confining hot walls.

Since the recombination process cannot be elimina
completely in practice, collision experiments using this ty
of furnace have to be done in a H plus H2 mixture. As a
consequence, the relative number density of both gases a
the projectile beam path needs to be known and only
ratio between the cross sections for H and H2 targets can be
obtained in this kind of measurement.

The procedure used in the calibration, as well in the m
surements performed in this work, are based on the t
temperature method@11,12#. For a generic collision channe
the corresponding yields atT051400 K, when only H2 is
present, and atT52600 K, when the target gas is highl
dissociated, are measured keeping the same gas inflow.
noting these yields byS(T0) and S(T), respectively, it can
be shown that the ratiosH /sH2

of the corresponding cros

sections for H and H2 targets is given by@11,12#

-
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sH

sH2

5
12D~T!

D~T! F 1

f ~T,T0!

S~T!

S~T0!
21G , ~1!

whereD(T)5nH(T)/@nH(T)1nH2
(T)# is the degree of dis-

sociation, andf (T,T0)5nH2
(T)/nH2

(T0) is the dissociation

fraction. The parametersnH(T) andnH2
(T) denote the num-

ber densities, at the indicated temperature, of the H and2
fractions present in the cell, respectively. The furnace is c
brated by determiningf (T,T0) andD(T) as a function of the
furnace current.

The dissociation fraction was determined through
measurement of the double capture by C31 projectiles at 1.1
MeV. BecausesH50 for the double capture channel, th
term between brackets in Eq.~1! is equal to zero. This gives
directly f (T,T0) from the measured ratio between th
double-capture yields at the temperaturesT andT0 . For the
temperature pairsT051400 K andT52600 K, a dissocia-
tion fraction of 0.16560.005 was obtained. The absolu
value for the degree of dissociation was obtained through
measurement of the angular distribution of elastica
scattered 1.0 MeV He0 projectiles impinging on thex-y
position-sensitive detector~see Fig. 1!, within the angular
range between 0.2 and 0.6 mrad. Using the measured
stant values of the elastic scattering yields,u4dselastic/du,
for S(T) andS(T0), D(T) can be directly obtained from Eq
~1! by noting that for elastic scatteringsH /sH2

51/2. ForT

52600 K a degree of dissociation of 0.806 0.02 was ob-
tained@11#.

The electron loss cross sections for atomic hydrogen
obtained from Eq.~1! together with the measurement, at t
same projectile energy, of the electron loss cross sectio
H2 , at room temperature. The experimental arrangemen
similar to that described in Ref.@13#, except that the emer
gent beams are now detected by thex-y position sensitive
detector and the cleaning magnet placed before the scatt
chamber allows an easier elimination of the spurious bea
The cross sections are obtained by the growth-rate me
with the pressure in the gas cell measured by an abso
capacitive manometer~MKS-Baratron!. With this setup
the main sources of uncertainties come from gas pu
~;1–3 %!, reproducibility of the oven temperature~;1%!,
counting statistics (;5%), interference of spurious beam
(;1%) and, for the H2 measurements, the determination
the effective length of the cell (;5%).

Table I shows our experimental results for the He1 and
C31 projectiles. Our present measurements for H2 targets are
in very good agreement with previous experimental res
of Shahet al. @7#, Satakaet al. @14#, and Montenegroet al.
@15# in the case of He1 projectiles, and with the results o
Montenegroet al. @13# and Goffeet al. @16# for C31 projec-
tiles. The above set of measurements for He1 is also in good
agreement with recent PWBA calculations of Refs.@10# and
@18#, indicating a consistent description of He1 electron loss
on molecular hydrogen, as will be discussed in greater de
in the next section. It should be mentioned that the H1

measurements of Pivovaret al. @17# and Hvelplund and
Andersen@6# on H2 also covers the energy range studied
this paper but, as noted by the last authors, their data ap
to lie below the theoretical predictions when the projec
i-
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energy increases, a tendency which is confirmed by
present measurements.

III. MOLECULAR EFFECTS ON ELECTRON LOSS

As shown by Meyerhofet al. @10#, the ratiosH2
/sH of

the electron loss cross sections of light projectiles on H2 and
H targets is very sensitive to the way the molecular fo
factor is modeled in the calculations of the electron loss cr
sections. These calculations take into account two compe
mechanisms which contribute to the loss process in
intermediate-to-high velocity regime: the correlated electr
electron interaction between the target electrons and the
tive projectile electron~antiscreening mode! and the Cou-
lomb interaction between the screened target nucleus~or
nuclei, in the case of molecular targets! and the active pro-
jectile electron~screening mode!. For He1 projectiles within
the energy range covered by this work, the electron-elec
contribution is as important as the nucleus-electron inter
tion, for both H and H2 targets@3#, making the measuremen
of the ratiosH2

/sH sensitive to the way the molecular form
factor contributes in each one of the above-mention
modes.

Following the notation of Ref.@10#, the electron loss cros
section can be written in first-order Born approximati
~PWBA! as ~see also Ref.@3#!

ss,a5
8p

v2 E0

`

d«E
qmin~s,a!

`

q23dquFp~q!u2Ss,a~q!, ~2!

where

Ss~q!5E ~4p!21dVr2@11cos~q•r!#u12Ft~q!u2 ~3!

and

TABLE I. Electron-loss cross sections for He1 and C31 impact
on H and H2 . All cross sections in Mb.

E (MeV) He1 C31

H2 H H2 H

0.50 20.660.8 14.861.4
0.75 20.760.9 10.861.0
1.00 21.060.9 9.760.9 8.060.8
1.10 8.860.8 7.561.0
1.25 19.761.1 9.360.9
1.38 9.861.1
1.50 17.560.9 8.660.8 11.261.1 7.260.9
1.75 17.960.9 7.560.7 12.261.2 7.360.9
2.00 16.460.8 7.860.7 13.461.1 7.860.9
2.25 15.060.6 6.960.6 13.961.0 6.760.7
2.50 13.660.7 6.560.6 15.661.1 7.660.8
2.75 12.160.7 5.860.6 14.161.0 6.260.6
3.00 14.961.7 7.261.0
3.25 15.862.1 8.461.3
3.50 10.360.9 4.860.6 13.961.8 7.461.2
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Sa~q!5E ~4p!21dVr 2@11cos~q•r!#@12uFt~q!u2#

~4!

for H2 targets. For atomic hydrogen, we have

Ss5u12F0~q!u2, ~5!

Sa5 12uF0~q!u2. ~6!

In Eqs. ~2!–~6!, v is the collision velocity,« is the kinetic
energy of the ejected electron,q is the momentum trans
ferred in the collision,r is the internuclear separation of th
hydrogen molecule, andFp(q), Ft(q) and F0(q) are the
projectile, H2 and H single-electron form factors as given
Eqs.~9!, ~28!, and~30! of Ref. @10#, respectively.

In order to analyze the importance of averaging over
molecular orientations in the interference term appearing
Eqs.~3! and~4!, Meyerhofet al. @10# described three differ-
ent procedures with increasing degrees of simplification
the ‘‘Weinbaum’’ model, the Weinbaum wave function fo
H2 is used to calculate the form factorFt(q), and then
Ss,a(q) through Eqs.~3! and~4!. In the ‘‘Stewart’’ model, a
form factor which is already orientation-averaged is used
that the interference term appearing in Eqs.~3! and ~4! can
be calculated independently and a simpler analytical resu
obtained forSs,a(q). Besides these two models from Re
@10#, we also use in the forthcoming discussion a furth
simplified model — hereafter denominated ‘‘Simpl’’ mod
— in which the H2 molecule is modeled as two hydroge
atoms but with the hydrogenic form factorF0(q)51/@1
1(q/2Zeff)

2#2 calculated using an effective chargeZeff
51.193, as given by the Weinbaum model.

For the screening mode we usedqmin(s)5q05Ip /v as usual
@10,18#, with I p being the ionization energy of the activ
projectile electron. Our present calculations differ from tho
in Ref. @10# with respect to the antiscreening mode. For t
antiscreening mode, Meyerhofet al. @10# used thead hoc
prescription by Anholt@19# where the value of the energ
transfer appearing inqmin(a) is averaged over the possib
energies transferred to the continuum states of the proje
and the target, and the cross section given by Eq.~2! is
modeled as the ionization cross section of the projectile
by electrons with the same velocity. In the present paper
use a generalization, for molecular targets, of the exten
sum-rule method of Montenegro and Meyerhof@18#, thus
keeping the calculation consistently within the PWBA. Th
generalization is carried out by using an orientation-avera
molecular form factor in the calculation ofqmin(a) . Using the
same procedure as described in Ref.@18# it is straightforward
to obtain

qmin~a!5q01Dq„q01Dq~q0!…, ~7!

where

Dq~q!5
q2/2v

12Ft
2~q!

, ~8!

with
e
in

n

o

is

r

e
e

ile

n
e
d

d

Ft
2~q!5@g~q!F0~q!#2@2a2

„11R2~q!…1b214abR1~q!#

for the Weinbaum model and

Ft
2~q!5@g~q!F0~q!#2

for the Stewart model. The reader is referred to Ref.@10# for
the definitions of these parameters and functions.

Figure 2 shows our measurements of thesH2
/sH ratio for

He1 electron loss compared with those of Hvelpund a
Andersen@6# and Shahet al. @7#, together with the presen
calculations corresponding to the three models descri
above. Our measurements show a good agreement with
previously measured data, although, as mentioned in the
troduction, none of the previous measurements is abso
For projectile energies above;1.0 MeV, the experimenta
data lie between the results from the Weinbaum and Stew
model calculations, with the Weinbaum model giving
slightly better agreement. The Simpl model underestima
the experiment by;16% in this energy range.

A detailed evaluation of the role played by the molecu
structure in the screening and antiscreening modes ca
seen from Fig. 3 where the contributions from the vario
models tosH2

/sH are split. Besides the present experimen
results, Fig. 3 also shows the separate contribution from
tiscreening,sH2

A /sH . The latter is obtained through the ex

pression

sH2

A

sH
5S sH2

A

sH2

D S sH2

sH
D , ~9!

where the termsH2

A /sH2
is taken from the coincidence mea

surements of Ref.@15# and the termsH2
/sH from the present

measurements. The coincidence data include a contribu
from the two-step loss-ionization process. This contributi
however, decreases rapidly from;25% at 1.5 MeV to
;10% at 3.5 MeV@15#.

FIG. 2. Cross section ratiosH2
/sH for electron loss of He1

projectiles as function of the projectile energy. Experiment: so
squares, this work; solid triangles, Ref.@7#; open triangles, Ref.@6#.
Theory: solid curve, Weinbaum model; dashed curve, Stew
model; dotted curve, Simpl model~see text!.
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1208 PRA 58M. M. SANT’ANNA et al.
As Fig. 3 shows, the Simpl model gives a description
the singles and coincidence data which is clearly sma
than the Weinbaum and the Stewart models. The main
ference between the Simpl and the two other models is
the former ignores the interference caused by the joint ac
of the two nuclei in the projectile ionization process. Th
shows that the contribution from the interference is inde
important, coming principally from the antiscreening mod
This result can be understood if we note that the major c
tribution to the cos(q•r) term in Eqs.~3! and~4! comes from
small values of the momentum transferred to the active p
jectile electron,q. For small values ofq, the argumentq•r
oscillates slowly and the contribution from this term is larg
However, small values ofq correspond to large impact pa
rameters for which the antiscreening contribution domina
@3#. If q is large,q•r oscillates rapidly and the contributio
from the interference term is small. This corresponds to cl
collisions where the screening mode dominates@3#, thus ex-
plaining why the Simpl model gives a ratio which is close
the Stewart model for the screening mode~Fig. 3!.

IV. TOTAL ELECTRON LOSS ON H: ANTISCREENING,
IMPULSE APPROXIMATION, AND CONNECTION

WITH ELECTRON-ION COLLISIONS

As mentioned in Sec. II, the total electron loss cross s
tion of He1 on atomic hydrogen can be obtained from t
measurement of the ratiosH2

/sH together with the absolute

measurements on H2 targets. Figure 4 compares the electr
loss results thus obtained~Table I! with those of Hvelplund
and Andersen@6#, Shahet al. @7# as well as with the PWBA
calculations as described in Sec. III. As a general trend,
results from the PWBA calculations agree well with o
data, particularly in the high energy region. These calcu
tions show a broad maximum for projectile energies arou
800 keV, which is essentially due to the onset of the an
creening contribution, a behavior which was already in
cated by the early calculations of Bell and Kingston@21#.
This behavior contrasts with the data from Refs.@6# and@7#,

FIG. 3. Cross section ratiosH2
/sH for electron loss of He1

projectiles as function of the projectile energy. The screening~S!
and antiscreening~A! contributions associated with the Weinbaum
Stewart, and Simpl models are split from the total~S1A! contribu-
tions. Experiment: solid squares, this work; open circles, ratio
the antiscreening contribution@see Eq.~9!#.
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which point towards a sharp maximum for projectile en
gies around 300 keV. Although our data cannot give a cl
answer about the shape of the cross section near the m
mum, it should be noted that if the data of Refs.@6# and@7#
are multiplied by a factor;1.45, there is a quite good agre
ment between the three sets of data.

The role of the antiscreeening contribution to the to
electron loss cross section can be advantageously exam
with the aid of the impulse approximation@3,4,22#. If we
consider that only continuum states of the target contribut
the electron-electron interaction, it can be shown that
cross section for the antiscreening contribution can be w
ten as@3,4,22#

sa
imp5E

2`

1`

dvzse~v1vz!J~vz!. ~10!

The above equation can be pictured, in the projec
frame, as the ionization of the projectile ion by a beam
electrons with a velocityv1vz broadened by the Compto
profile J(vz) of the target ground state. This expressio
apart from giving an useful intuitive physical picture of th
electron-electron interaction, makes an important connec
between the antiscreening cross section,sa

imp , and the ion-
ization cross section of multiply charged ions by electr
impact,se(v1vz). This connection can be made even mo
explicit if we recall that the atomic hydrogen ground sta
has a sharp Compton profile aroundvz50 @4#. In fact, out-
side the threshold region, wherese(v1vz) varies rapidly
with vz , the velocity dependence ofse(v1vz) is smooth
enough to be considered constant within the velocity ra
where the Compton profile is significant. Under these con
tions we can make the assumption

sa
imp.se~v !, ~11!

r

FIG. 4. Cross section for electron loss of He1 projectiles on
atomic hydrogen. Experiment: solid squares, this work; so
circles, Ref.@6#; solid triangles, Ref.@7#; open circles, electron-
impact ionization of He1 from Ref. @27#. Theory: dashed curve
screening; dashed-dotted curve, antiscreening; solid curve,
cross section for electron loss. The antiscreening calculations
based on the PWBA extended sum-rule method of Ref.@18#.
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obtaining a direct relationship between these two cross
tions. The validity of this equation was recently verifie
through electron loss experiments involving highly charg
ions and He targets using the recoil ion momentum spect
copy technique@23–26#. With this technique, the screenin
and antiscreening modes can be separated, allowing a d
comparison of the antiscreening contribution with theoreti
calculations of ionization of highly charged ions by electr
impact or experiments using crossed or merged electron
beams.

On the basis of the above analysis, we can use elect
ion measurements to evaluate the antiscreening contribu
to our measured total cross section for electron loss. To
end, Fig. 4 displays thee1He1 ionization cross section
measurements of Peartet al. @27#. There is a good agreemen
between the electron data and our present antiscreening
culations, indicating a general consistency between the
and the present measurements in this case. Since the co
gent close-coupling calculations for thee1He1 ionization
cross section by Brayet al. @28# are in excellent agreemen
with the measurements of Ref.@27#, they can also be used
within the impulse approximation, to estimate the antiscre
ing contribution.

V. TOTAL ELECTRON LOSS ON H:
THE ROLE OF THE CAPTURE AND

IONIZATION CHANNELS

In the case of C31 projectiles, where the projectile charg
state is higher and the velocity is lower than in the He1 case
studied above, target ionization and electron capture bec
the major collision channels in the velocity regime studied
this work. Under these circumstances, to describe prop
the electron loss process, it is necessary to include in
theoretical models not only the effects due to these chann
but also the increased possibility of multielectronic tran
tions and the nonperturbative character acquired by the
lision.

Simple models based on first-order calculations which
corporate somenon–ad hocprocedure to force the necessa
unitarization for the set of participating channels have b
used successfully to interpret the experimental results
some complex collisions involving highly charged ions, su
as, for example, the ratio between the transfer-ionization
the single capture channels of 1-MeV/amu Ti181 projectiles
impinging on He@29#. In this paper we use the procedu
given by Sidorovichet al. @30# in a similar fashion as used i
Ref. @29#.

Let us denote bypI(b) and pC(b) the probabilities, as
functions of the impact parameterb, for the target H electron
to be ionized or to be captured, respectively. These proba
ties are independently calculated through first-order theor
We exclude the target excitation channel because it can
neglected when compared to target ionization in the imp
parameter region where electron capture is important@29#.
Following Ref.@30#, the unitarized probabilityPa(b), where
a denotesI or C, is given by

Pa~b!5
pa~b!

pI~b!1pC~b!
@12e2„pI ~b!1pC~b!…#. ~12!
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The probabilitypC(b) is calculated according to the mod
of Ben-Itzhaket al. @31#. The target ionization probability is
calculated through the equationpI(b)5Q2psca(b), where
psca(b)5uasca

1s (b)u2 is the semiclassical calculation for th
ionization probability of the 1s electron of H by protons,
taken from Ref.@32#, andQ53 for C31 projectiles.

Because the antiscreening mode results mostly in the
multaneous ionization of the projectile active electron a
the target electron, the only possibility for electron capture
occur concomitantly with electron loss is through the scre
ing mode. Thus, if we denote byPscreen(b) and Panti(b) the
probabilities of electron loss through the screening and a
screening modes, respectively, the probability for sin
electron loss~SL! is given, within the IEA, as

PSL~b!5Pscreen~b!@12PC~b!#1Panti~b!, ~13!

which, integrated over impact parameter gives:

sSL5sscreen2sTL1santi, ~14!

wheresTL is the cross section for the transfer-loss chann
The probabilityPscreen(b) which appears in the calculation o
the transfer-loss cross section is evaluated following the li
indicated in Refs.@3,20,33# as

Pscreen~b!5Uasca
2s ~b!2

a4

2gH E
0

b

@bI0~gx!K1~gb!

2xI1~gx!K0~gb!#asca
2s ~x!xdx

1E
b

`

@xI0~gb!K1~gx!

2bI1~gb!K0~gx!#asca
2s ~x!xdxJ U2

, ~15!

with g5@(v/v)21a2#1/2 and K0 , K1 , I 0 , and I 1 being
modified Bessel functions. In atomic units,a52, v is the
projectile velocity andv is the energy transferred to the 2s
electron during the ionization of the C31 projectile ion. As in
the He1 case, the cross sectionssscreenand santi are calcu-
lated within the PWBA using the extended sum-rule meth
of Ref. @18#.

Figure 5 shows our measurements together with the m
surements of Goffeet al. @16# for C31 projectiles. There is a
good agreement between the two sets of data in the en
region where measurements overlap, with the present m
surements indicating a broad maximum for the electron l
cross section. In order to better analyze the role played by
various collision mechanisms in the total cross section,
theoretical calculations are split into their corresponding c
tributions. The basic mechanisms are essentially the sam
those appearing in the He1 case, i.e, the screening plus a
tiscreening contributions. This joint contribution is shown
the dashed-double dotted curve. However, as indicated in
~14!, this curve must be corrected to account for the prese
of transfer loss. The transfer-loss contribution~dotted curve!
is more important at energies below the maximum of
screening contribution~long-dashed curve!, giving a rapidly
decreasing contribution at higher energies, where the an
creening contribution~dashed-dotted curve! becomes impor-
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tant. The resulting sum of all contributions is shown by t
full curve, which gives a good description of the trend of t
experimental data but overestimates it by;20% around the
cross section maximum.

As mentioned above, the transfer-loss process has a
ligible influence over the electron loss cross section for p
jectile energies above the onset of the antiscreening chan
Then,sSL.sscreen1santi and the analysis used in the prev
ous section, based on the impulse approximation, can s
to understand better the contribution from the antiscreen
mode. Following Eq.~11!, we can use electron impact ion
ization of C31 to account for the antiscreening contributio
These results are also shown in Fig. 5: the open circles
the measurements of Crandallet al. @34# and the short-
dashed curve is the convergent close-coupling calculation
Bray @35# for the e1C31 ionization.

It is clear from this figure that the good agreement b
tween the electron-impact ionization and the antiscreen
cross sections obtained in the He1 case is not repeated in th
C31 case. Indeed, the experimentale1C31 data is almost a
factor of 2 smaller than the PWBA antiscreening calculati
As pointed out by Montenegro and Zouros@22#, there is a
tendency for the impulse approximation to give lower valu
than the PWBA extended sum rule for the electron-elect
contribution because of the averaging procedure used to

FIG. 5. Cross section for electron loss of C31 projectiles on
atomic hydrogen. Experiment: solid squares, this work; solid
angles, Ref.@16#; open circles, electron-impact ionization of C31

from Ref. @34#. Theory: long-dashed curve, screening; dash
dotted curve, antiscreening; dashed-double dotted curve, scree
plus antiscreening; dotted curve, transfer-loss~see text!; solid curve,
total cross section for single electron loss. The antiscreening ca
lations are based on the PWBA extended sum-rule method of
@18#. The short-dashed curve is the convergent close-coupling
culation of Ref.@35# for electron-impact ionization of C31.
n
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the minimum momentum transfer. Although the impulse a
proximation discards the possibility of excitation for the ta
get electron, this limitation seems to be less important th
the need of an averaging procedure for the minimum m
mentum transfer in the sum-rule method and the results f
the impulse approximation are, in general, in better agr
ment with the experiment@4,22,25#. This behavior appears to
be the same here: if we add thee1C31 experimental results
to the calculated screening contribution we obtain a v
good agreement with the measured C31 electron loss cross
section. Thee1C31 convergent close-coupling calculation
of Bray @35# present the same trend of the experimen
electron-ion ionization over this energy region. However, b
cause it overestimates the experimental electron-ion dat
also gives slightly higher values for the total electron lo
cross section if added to the calculations for the screen
contribution.

VI. SUMMARY AND CONCLUSIONS

The purpose of this paper is threefold. First, to obta
absolute experimental data of the electron loss cross sec
for He1 and C31 projectiles on atomic hydrogen in th
intermediate-to-high velocity regime, above the onset of
antiscreening mode. This was achieved through the com
nation of an absolutely calibrated atomic hydrogen furna
together with the measurement of small-angle elastic sca
ing to determine the number density of the protons inside
furnace.

Second, to show how the electron loss cross sectio
affected by the different ways the H2 form factor is modeled.
We find that the interference term associated with the t
protons of H2 plays a major role in the calculation of th
electron loss cross section, particularly at large impact
rameters where the antiscreening mode is dominant.
Weinbaum model, which is the more refined model used
this work, gives a very good agreement with the experim
tal data in the intermediate-to-high velocity region.

Third, we explore the connection between the antiscre
ing mode and the ionization of multicharged ions by electr
impact. This connection is based on the impulse approxim
tion and forms an important bridge between two differe
areas of atomic collision physics. We find that a significa
improvement in the agreement between experiment
theory is obtained if the electron-electron contribution to t
total electron loss is computed directly by means of the cr
sections for electron impact ionization of the projectile.
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