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Electron-Electron Interaction in Projectile Ionization Investigated by High Resolution
Recoil Ion Momentum Spectroscopy
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Contributions of the electron-electron and the nuclear-electron interactions to projectile electron
loss in He+ on helium collisions have been clearly separated kinematically for the first time by
measuring the longitudinal and transverse momenta of the recoiling target ion with precision of
better than +0.15 a.u. The longitudinal and transverse momentum distributions are in general
agreement with two-center n-body classical trajectory Monte Carlo calculations.

PACS numbers: 34.50.Fa, 34.70.+e

In fast ion-atom collisions, a projectile can be ionized
due to the Coulomb interaction of the active projectile
electron with the target nucleus (n-e) or with one of the
target electrons (e-e) [1]. In Ref. [2] an experimental
separation of these processes for the limit of high impact
energies was demonstrated by means of coincident target
and projectile charge-state total cross section measure-
ments. Prior attempts to separate these processes had
to rely mainly on theory [3—7], although in [8] a separa-
tion of the e-e process was effected for the first time in

a spin-flip transition and in [9] scattering angle depen-
dent measurements were made which partly effected a
separation.

In this work we present measurements of the recoil
ion momentum transverse and longitudinal to the beam
direction (p~... and pii ) for the reactions

He+ + He+ He + + He+ + 2e (1)
e + He-+He+ + 2e (2)

for impact energies between 0.5 and 2 MeV for (1) and

130 eV impact energy for (2). These doubly differential
cross sections d2o/dp~. ..dpii illuminate in great detail
the characteristic momentum exchange patterns of the
different interaction processes. This allows for all impact
energies a clear experimental separation of the e-e pro-
cess from processes where the target nucleus is actively
involved. The comparison between the difFerential cross
section for reactions (1) and (2) demonstrates in addi-
tion the similarities for target ionization by bound and

by free electron impact. Two types of n-e processes can
contribute to reaction (1). The projectile electron can
be emitted to the continuum n-e; „combined with a si-

multaneous single ionization of the target, or it can be
captured into the target potential n-e, pt if this is accom-

panied by a double ionization of the target.
While the n-e;,„,„pt, process can occur at all projectile

velocities, the e-e process has a threshold due to the fact
that the target electron, as seen from the projectile frame,
must have sufFicient energy that it can ionize the projec-
tile and simultaneously escape from the target. For He+
on He, this threshold is near 0.4 MeV [2]. In addition
to the difFerent impact energy dependence of the e-e and
n-e;o esp/, contributions, one can expect the momentum
exchange between the collision partners to be very differ-
ent for the two mechanisms. For the e-e interaction, the
target nucleus mainly acts as a spectator to the process.
Therefore, very little momentum will be transferred be-
tween projectile electron and the target nucleus. In the
case of the n-e;p +pe interaction the target nucleus has
to exchange enough momentum with the projectile elec-
tron to either capture it or eject it into the continuum.
This will result in differences in the longitudinal recoil ion
momentum distribution. Furthermore, the main contri-
bution of the e-e interaction can be expected at larger
impact parameters, i.e., smaller transverse momentum
transfer, between the two nuclei, than the contribution
of the n e;» «p& interacti-on [10].

The momentum transfer in the reaction under study
lies in the range of a few a.u. and the difFerence between
the e-e and n-e; „,pt contribution is & 1 a.u. For this
measurement, we have developed a recoil ion momentum
spectrometer [11] based on a cooled supersonic gas jet.
So far a resolution of about 1.6 a.u. for p~... (equivalent
to a recoil ion energy of 5 meV for helium) [11—13] had
been reported and of about 4 a.u. for a measurement of

pii [14,15] only. Our novel technique allows, for the first
time, a measurement of p~... and p~~,. with a resolution
of about +0.15 a.u. , equivalent to a recoil ion energy of
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+40 peV.
A He+ beam from the Van de Graff accelerator at the

Institut fiir Kernphysik in Frankfurt is collimated to a
beam spot of about 0.2 mmx0. 2 mm. The ion beam

intersects with a cold supersonic He gas jet. The projec-
tiles are charge state analyzed by electrostatic deflectors
before and after the collision region and detected by a po-

sition sensitive channel plate detector. The data for elec-

tron impact have been obtained using a pulsed electron

gun. The recoil ions created at the intersection point are
extracted by a homogeneous electric Beld of 0.33 V/cm
perpendicular to both the ion beam and the He gas jet.
After traversing 3 cm in this field the ions enter a field

free drift region of 6 cm length and are then postaccel-
erated by 2300 V over 2 mm onto a position sensitive

channelplate detector of 4 cm diameter and a position
resolution of below 0.2 mm FWHM.

The cold localized He target is created using a cooled

supersonic expansion through a 30 pm hole. The gas
source with the hole is mounted on the cold finger of a
cryopump and cooled to 20 K. At a distance of about 1 cm
the expanding gas is collimated by a skimmer of 0.3 mm
diameter. The gas jet at the collision point about 3 cm
away from the skimmer has a diameter of 1.1 mm and
the local gas density is 5 x 10ii atoms/cmz.

From the time of Bight of the recoil ions, the momen-
tum component in the field direction and the charge state
are obtained. The two momentum components perpen-
dicular to the extraction are calculated from the posi-
tion of the ion on the recoil channel plate and the time
of flight. In a separate experiment using a capture reac-
tion the momentum resolution was measured to be below
+0.15 a.u. The p((... = 0 point was determined with a

precision of +0.05 a.u. by measuring p)( for single elec-

tron capture by He+ and He + ions at various impact
energies [13]. A more detailed discussion of the experi-
mental setup will be given in a forthcoming paper.

In Fig. 1 the experimental double differential cross sec-
tions d cr/dp~, dp((, are shown for reaction 1 for difFer-

ent projectile energies (a)—(e) together with the data for

electron impact (f). At 1 MeV impact energy two max-

ima in the experimental double difFerential cross section
can clearly be observed. The momentum distribution of
the He+ iona created by equal velocity electron impact
[Fig. 1(f)] demonstrate that the contribution with the
maximum at small momenta is due to the e-e interaction.
We will show below that the second maximum can be at-
tributed to the n-e;» «~t mechanism. With increasing

energy the contribution at higher momenta disappears
while for lower impact energies the maximum at small
momentum transfers vanishes.

The contribution of the e-e interaction should show

an approximate threshold near a projectile energy of 0.4
MeV, equivalent to an electron energy of 54 eV, the pro-
jectile binding energy. To achieve simultaneous target
and projectile ionization only one Coulomb interaction
is necessary for the e-e process . In the case of the n

e;,„process two Coulomb interactions (projectile nucleus

with one of the target electrons and target nucleus with

the projectile electron) and for the n-e«~t process three
interactions are needed (the projectile ionizing both tar-
get electrons plus a capture of the projectile electron by
the target nucleus). Therefore in the limit of high ener-

gies the cross section for the e-e process can be expected
to scale like 1/(Eln E) and like 1/(Ez ln E) for the n-

e;,„process. Since velocity matching is required for the
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FIG. 1. Doubly diiferential cross sections for the reactions (1) and (2). The y axis shows the momentum of the recoiling
He iona perpendicular to the beam axis; the z axis the momentum in beam direction (positive value means forward emission).
The contour lines are linear and equally spaced in cross section. The long dashed line marks the estimated p peak position

lt rec
of the n-e;oil process and the short dashed line of the n e„~t, proce-ss (see text). The x and the + mark the maxima of the
nCTMC cross section for the n e;,„+e-e and n-e„~t proces-ses, respectively. (f) The same data for 130 eV electron impact,
vrhich is comparable in velocity to 1 MeV He+.
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n-e, @p$ process, it will decrease even faster with increas-
ing projectile energy and will only contribute at the low
impact energies. The n-e; „process can be expected to
dominate in an intermediate energy range. The e-e in-

teraction will dominate the cross section for simultaneous
projectile and target ionization in the high energy limit

[2].
We now estimate the most probable target recoil mo-

menta for the different processes. If the projectile is ion-
ized the binding energy (Eb;„d) plus the continuum en-

ergy (E,) of the emitted electron (seen from the projectile
rest frame) is needed. Since there is no other source of
energy in the laboratory system, this is taken from the
kinetic energy of the projectile. For fast heavy projectiles
(i.e. , if the energy loss is small compared to the total ki-
netic energy) this corresponds to a change in longitudinal
projectile momentum of [13]

+pll = (Ebind + Ee)/tipro (3)

This momentum change of the projectile has to be bal-
anced by the collision partner, either the electron or the
target nucleus. For the case of the e-e interaction the
target electron will therefore be emitted in the forward
direction while the target nucleus is a spectator to the
process, gaining only very little longitudinal momentum

pll . In the case of the n e;,„pr -ocessthis momentum is
gained by the recoil ion. If one further takes the ionized
target electron into account, this forward momentum will

be enhanced due to the additional binding energy of this
target electron and be smeared out and maybe shifted
a little due to its continuum momentum distribution. If
the projectile and target electrons are emitted into zero
energy continuum states with respect to their parent rest
frames, one obtains a longitudinal recoil ion momentum
of pll

= (79 eV)/vp„. This is indicated by the long
dashed lines in Fig. 1.

For the case of the n-e«pi process, one obtains, ne-

glecting the target electrons, a forward momentum of

pll... = v», /2, since the kinetic energy of the captured
electron seen from the Projectile is given by E, = vp„/2
and there is no net change in binding energy for a ground
state capture. This value is indicated by the short dashed
lines in Fig. 1.

The transverse momentum of the recoil ion is given by
the sum of the transverse momenta of all ionized elec-
trons plus the momentum due to the repulsion between
the nuclei. It therefore reflects also the information on
the impact parameter. Montenegro and Meyerhof first
pointed out that the cross section of the n-e; „process
will be dominated by impact parameters around the shell
radius of the projectile while the e-e interaction will have
their main contributions at larger distances [10]. The
data presented here confirm this prediction. The n-e, ~&

mechanism also requires close impact parameters since a
double ionization is involved.

A comparison of the single differential cross sections
with two-center n-body classical trajectory Monte Carlo

(nCTMC) calculations [16] is made. Briefly, the nCTMC
calculations employ all three electrons in reaction (1) and
iteratively solve the Hamiltonian

2PCC + Pb + ) Pk
2m~ 2mb 2fAe 7 aiA:=1

ZefF
—) ' +

j=l Pb '

4 2 - 2——-)
~ab ~bi . ~ajj=l

+)
j=l U

In Eq. (4), the indices a and b denote the projectile and
target nuclei, respectively, while the indices i and j re-
fer to electrons originally on the projectile and target,
respectively (Z'~& ——1.6875 and Z'~2 ——2.00). Thus the
two-center e-e interaction is included with the n e;,„ in-
this calculation. Moreover, the n-e, ~~ reaction —double
ionization of the target concurrent with electron capture
from projectile to target —is also included. The calcu-
lated total cross section is in good agreement with exper-
imental observation [2, 17]. The results are shown in Fig.
2. At 0.5 MeV impact energy the calculation shows a
37Fo contribution of the n-e, »& process, rapidly decreas-

ing with increasing impact energy. The calculated peak
positions are shown by the crosses in Fig. 1. The exper-
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FIG. 2. Single differential cross section for reaction (1).
Left column: momentum of the recoil ion longitudinal to the
beam axis; right column: momentum perpendicular to the
beam axis. Dashed line: two-center nCTMC calculation for
the n-e, e,pp process; dotted line: n-e;o + e-e processes; full

line: sum of all three processes.
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imental data are normalized to total cross sections from

[2, 17] to obtain a direct comparison with the calculations.
Since our spectrometer does not detect momenta higher
than 4 a.u. , the absolute values have an uncertainty of
+30%.

In conclusion, we have separated experimentally the
contribution of e-e interaction to the simultaneous pro-
jectile and target ionization, exploiting high resolution
recoil ion momentum spectroscopy. Our technique can
be used without any restrictions concerning momentum
resolution up to relativistic projectile velocities and for
all projectile charges. We have demonstrated that the
present resolution enables a determination of the Q value
of atomic reactions by measuring the recoil ion longitu-
dinal momentum transfer. This may be used to inves-

tigate in great detail other reactions such as kinematic,
resonant, or radiative electron capture. The technique
is ideally suited for differential studies of atomic colli-
sion processes in storage rings; such experiments are in
preparation.
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