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Collision spectroscopy of Ar811H2 at low velocities„v<1 a.u.…
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Single and double electron transfer have been studied for the collision system Ar811H2 at low velocities
(v,1 a.u.). X-ray ultraviolet and Auger spectroscopies complemented by translational energy gain and time-
of-flight spectroscopies reveal details on the transfer mechanisms: in contrast to the other two-electron target
system~He target!, a channel is opened where electron capture takes place with further dissociation of H2

1.
We consider the target fragment dynamics and discuss possible molecule dissociation mechanisms.
@S1050-2947~99!02010-7#

PACS number~s!: 32.30.2r, 32.80.Dz, 34.70.1e
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I. INTRODUCTION

Determination of cross sections for ion-atom and io
molecule collisions is of importance for different applic
tions such as plasma modeling. It is essential to unders
the excited-state population dynamics, because it relate
rectly to the radiative emission pattern of plasmas. In
case of single electron capture by ground-state ions, op
observations in the x-ray vacuum ultraviolet~XVUV ! and
visible regions provide high-accuracy data where Dopp
shift and broadening of transitions are negligible. Beyo
data taking, the use of intensity-calibrated spectrome
makes excitation cross-section estimates possible@1#. For
metastable projectiles, single capture generally ends in
formation of ions in doubly excited states, frequently en
getically above the first ionization limit. These states are
sically of the same kind as those seen in plasmas, forme
dielectronic recombination, which have specific stabilizat
patterns. In plasmas, the optical decays termed satellite e
sions are of great interest but the Auger decay is ignored
cannot be investigatedin situ. In collision studies, when both
decay channels are observed, theoretical estimates of e
gies, radiative transition probabilities, Auger transition pro
abilities, and fluorescence yields of extended sets of le
are needed for the purpose of identifications; beyond t
cross sections and rate coefficients can be determined@2#.

Extensive studies of the system Ar811He have been per
formed. The detailed features were analyzed and are rea
ably well understood@3#. Double capture by the metastab
projectile ends in the triply core excited magnesiumlike Ar61

ion, the stabilization of which has been shown to take pl
via two successive Auger steps: in the first one, the sys
PRA 601050-2947/99/60~4!/2799~9!/$15.00
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decays to the intermediate continua Ar71(2p53l3l 8), the
second one getting the ion to the only available continu
Ar81(2p6) 1S0 @4#. For the case at hand, Ar811H2, single
capture is straightforward to identify in the spectrum,
though in contrast to the He target, dissociation of H2 may
take place. In the case of double electron capture, Au
decays are more difficult to analyze because not much
known about the atomic features and thus theoretical ca
lations are required. Even though many studies were p
formed and published, which discuss cross-section meas
ments, many aspects are left nearly unexplained@5–10#. In
some other papers involving H2 as a target, no special atten
tion was given to its molecular nature, focusing only on t
double capture mechanisms@11–13#.

In Sec. II, we present the experiments and the app
methods together with the experimental results. In Sec.
the discussion outlines the collision cross sections and
tures single capture, single capture with target dissociat
and double capture. In Sec. IV, we discuss the collis
mechanisms. The existence of the possible dissociation o2
opens channels not observable with atomic targets and
discuss a possible electric-field-induced process.

II. EXPERIMENTAL ARRANGEMENTS, METHODS,
AND RESULTS

The collision system Ar811H2 has been studied with dif
ferent experimental techniques: on the one hand, XVU
photon spectroscopy was applied to the observation of
decay following single and double capture~SC and DC! at
an energy of 80 keV. On the other hand, the translatio
energy gain spectroscopy~TES! technique was used at ene
2799 ©1999 The American Physical Society
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FIG. 1. XVUV absolute intensity calibrated
spectrum observed in the 150–800-Å range
the collision Ar811H2, measured at 80 keV.
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gies of 8 and 16 keV. This method, performed at zero deg
and at small angles with respect to the incident ion-be
direction, gives access to the states populated in the collis
Auger spectra are also considered: these were recorde
other groups@14,15# under the same experimental conditio
and are still open for analysis and discussion.

A. Optical spectroscopy in the vuv range

At a typical collision energy of 80 keV~2 keV/amu!, the
spectrum of the emitted radiation was recorded with
grazing incidence spectrometer described earlier@2#. Taking
into account the intensity calibration of the device, the sp
trum was reduced to the form shown in Fig. 1. In the sho
wavelength region~100–160 Å!, a second spectrometer@16#
was used giving finer details; this spectrometer was not
tensity calibrated on an absolute scale. However, in Fig
the most intense lines are unambiguously attributed to
excitation of Ar71(2p65l ) 2L and some weaker rays ar
originating from Ar71(2p66l ) 2L.
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B. Translational energy gain and time-of-flight spectroscopies

The principle of the method and details on the experim
tal setup were described in previous publications@3,17#. A
beam of Ar81 ions is delivered by the ECR ion source of th
A.I.M. facility. A double hemispherical electrostatic analyz
is used to narrow the energy and angle distributions of
primary beam@it yields an energy profile of 0.5 eV pe
charge full width at half maximum~FWHM!#. The beam
interacts in the collision chamber with an effusive H2 target.
The collision chamber incorporates the first acceleration
gion of a Wiley-McLaren time-of-flight mass spectromete
allowing for the measurement of the mass-to-charge ratio
the recoil target ions~molecules H2

1 and fragments H1).
The secondary ions after SC and DC are detected at diffe
scattering angles; they are analyzed with respect to t
charge and kinetic energy with a second energy analy
which can be rotated around the collision chamber. From
analysis of the energy gain of the projectiles, the excitat
energy and the populated states are determined.
FIG. 2. XVUV spectrum observed in the
wavelength interval 100–160 Å.
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PRA 60 2801COLLISION SPECTROSCOPY OF Ar811H2 AT LOW . . .
Figure 3 shows a TES spectrum taken atd50° for the SC
(Ar71 ions!. This spectrum is centered at an energy gain
about 20 eV; a weaker high-energy contribution occurs
about 40 eV. Neglecting excitation of the target, the peak
20 eV may be attributed to SC of the transferred electron
n55 states of the projectile, whereas the peak at 40 eV m
be attributed to capture into 4f and 4d states. The full curve
in Fig. 3 shows the result of a multichannel Landau-Ze
calculation @18#. It represents the dominant contribution
very well, favoring capture into the 5d level. In Fig. 4, the
variation of the energy gain spectrum with the scatter
angle of the projectile (0°<d<0.6°) is shown for a collision
energy of 8 keV. The different curves are normalized w
respect to each other. Whereas for small angles capture
n55 is dominant, larger energy gains become more pro
nent with larger scattering angles.

In order to test whether these contributions are due
dissociative or nondissociative processes,m/q spectra of the
recoil ions have been measured in correlation with the
netic energy gain of the projectiles of 20 and 45 eV, resp
tively. These spectra are shown in Fig. 5 for a scatter
angle of 0.15°. AtDE520 eV, the recoil spectrum consis
only of H2

1 ions, i.e., the capture process is nondissociat
At DE545 eV, the recoil spectrum shows dominantly H1

ions; H2
1 ions give only a small contribution. In this cas

capture leads to the dissociation of the H2 molecule. The H1

ions form a double-peak structure, denoting ions with
initial kinetic energy which are emitted towards or aw
from the detector~ions emitted perpendicular to the extra
tion direction are not detected; this leads to the two disti
peaks!. However, the question arises whether these H1 ions
stem from a dissociative single capture or whether they
due to transfer ionization processes. As electrons were
measured in coincidence, we used both the TES spectra
DC and the initial kinetic energy of the H1 ions after single
and double capture processes in order to further discuss
issue.

The TES spectrum for DC is shown in Fig. 6. The ener
distribution is centered at aboutDE550 eV and correspond
to double capture into the (4l ,5l 8) configurations of Ar61. In
Fig. 7, the TOF spectra of the H1 peaks are shown, measure

FIG. 3. Energy-gain spectrum of Ar71 ions produced in
Ar81/H2 collisions at 8 keV; scattering angle 0°. The vertical lin
indicate the position of capture into specificnl levels. The solid
curve shows the result of a multichannel Landau-Zener calculat
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in coincidence with outgoing Ar71 ions~SC and transfer ion-
ization! and Ar61 ions ~DC!. For all spectra, the time differ
ence between both peaks is nearly the same~about 400 ns!;
their absolute position depends on the scattering angle o
projectile and whether the projectile is scattered slightly
wards the recoil detector or into the opposite direction. T
general shift of both peaks can be understood in terms of
kinematic energy transfer from the projectile to the targ
Evaluating the time difference between the forward and
backward peak, one can deduce the amount of the in
kinetic energy due to dissociation. A time difference of 4
ns corresponds in the present case to a fragment energ
about 7.8 eV. The similarity of the energy gains and t
fragment energies in the Ar61 and Ar71 case suggests tha
the major part of Ar71 ions with energy gains of abou
40–50 eV is due to transfer ionization. However, at least
presence of a low-energy peak, which has been meas
only in correlation with Ar71 ions and not with Ar61 ions,
seems to stand for dissociative single electron capture.

C. Auger spectrum

Finally, for the sake of completeness, in view of th
analysis and interpretation, an Auger spectrum is shown
Fig. 8; it was taken under the same experimental conditi
@14# as the vuv spectrum and was not fully analyzed a
interpreted.

It appears that not much is known on the atomic featu
of the doubly excited levels Ar61** likely to be populated in
the double transfer process. The spectrum was scanned
peak energies were precisely determined. The complete
ger spectrum comprises two parts.

~i! The low-energy part, extending from 0 to nearly 6
eV, relates to the DC by the ground-state projectile but
which are expected to be found some rays originating fr
the stabilization of the products from DC by the metasta
ion. Only this low-energy part is considered here. In Fig
we also show the reaction windows~dashed lines! for the DC
with provision for the decay to the two available continu

FIG. 4. Variation of the energy-gain spectrum with the scatt
ing angle of the projectile. The different curves are normalized
intensity with respect to each other. Collision conditions as
Fig. 3.

n.
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FIG. 5. Time-of-flight recoil spectrum mea
sured in coincidence with projectiles~here Ar71

ions! of a given energy gain. Upper part:DE
520 eV; lower part: DE545 eV.
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namely Ar71(3p) and Ar71(3d).
~ii ! The high-energy part of this spectrum extends fro

100 eV approximately up to nearly 265 eV and is attribu
to the decay following SC and DC on the metastable ion~this
will be treated in a separate paper!.

III. CROSS SECTIONS AND COLLISION FEATURES

Even though H2 is a two-electron target, its molecula
nature opens more channels in charge-transfer collisions
have to consider the following:

SC,

Ar811H2→Ar71~nl !1H2
1. ~1!

SC and dissociation,

Ar811H2→Ar71~nl !1H11H. ~2!

DC,

Ar811H2→Ar61** 1H11H1. ~3!

This last process may be followed by autoionization,

Ar61** →Ar711e, ~4!

and/or photon emission,

Ar61** →Ar611hv, ~5!

Dissociative SC~2! has to be considered, because its imp
tance has been shown in experiments with other molec
targets and different multiply charged projectiles@19–21#.

Beyond that, we know that in charge exchange collisio
the projectile is left in the exit channel in excited states. F
the purpose of evaluating the value ofn ~principal quantum
number of the levels most likely to be populated!, it is pos-
sible to use different models. Among them, two have be
frequently used and agree quite well with the observatio
the model proposed as early as 1981 by Mannet al. @22#
gives the principal quantum number of the levels most lik
d
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y

to be populated in SC, whereas the extended classical o
barrier model@23,24# under certain assumptions may giv
the specificn values for multiple electron transfer. A difficul
problem to solve is to estimate the orbital momentuml of
those states which are populated with high probability.
scaling law has been proposed@25# that accounts for the
kinematic conditions of the collision and of the nature of t
target and projectile.

Keeping these considerations in mind, the following equ
tions denote the major reaction channels.

SC,

Ar811H2→Ar71~5l ! 2LJ1H2
1. ~18!

SC1dissociation,

Ar811H2→Ar71~4l ! 2LJ1H11H~n52!, ~28!

Ar811H2→Ar71~5l !2LJ1H11H~n51!, ~288!

while DC should end in

FIG. 6. Energy gain of Ar61 ions produced by DC in Ar81/H2

collisions. Collision energy: 8 keV; scattering angle: 0°.
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Ar811H2→Ar61~4l ,5l 8!1H11H1. ~38!

The following set of orbital moments is most likely to b
populated: SC ~18!: l 51,2; SC1dissociation ~28!: l
50,1; ~29!: l 50,1,2; DC~38!: l 51,2 andl 851,2.

With this identification, it is possible to estimate cro
sections at least for SC. For DC, first we will give the resu
of calculations performed to obtain the atomic features
Ar61(4l ,5l 8), so far not known.

A. VUV spectroscopy and cross-section estimates for SC
and photon-stabilized DC

Most previous observations and cross-section determ
tions have been based on the measurement of the intens
Ar71 ions at the exit of the collision cell@5–10#. With the
consideration of Eqs.~1!, ~2!, and ~4!, it is not possible to
discriminate the origin of these ions. However, the opti
approach allows, under the condition that the spectromet
intensity calibrated, for the determination of the cross s
tions @3#. The method consists of measuring the emiss
cross sectionsem for each individual transition for directly
populated levels, when cascade contributions can be
glected. Correcting this quantity by the branching ratio@26#,
we get the excitation cross section of the upper level of
transition.

For the case at hand, the spectra show a very weak
cade population originating fromn56 to 5 ~see Fig. 2!.
Therefore, the cross sections for the excitation ofn55 in
Ar71 are estimated to be

s5s5sem~5s→3p!/0.5751.4310215 cm2,

s5p5sem~5p→4s!/0.1251.2310215 cm2,

FIG. 7. Time-of-flight distribution of the H1 fragments mea-
sured in coincidence with Ar71 ions ~upper curves,DE545 eV at
two collision energies! and Ar61 ions ~lower part! after Ar81/H2

collisions ~the time scale has been slightly shifted for the differe
curves in order to superimpose the different peaks!.
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s5d5sem~5d→3p!/0.8551.4310215 cm2,

s5 f5sem~5 f→4d!/0.3050.46310215 cm2,

s5g5sem~5g→4 f !/0.9950.71310215 cm2,

This gives a total capture cross section into Ar71(n55) of
about 5.2310215cm2.

Comparing the different line intensities, it appears that
transitions originating from then54 substates have not onl
a cascade feeding fromn55 but also a direct feed~28!.
Under these conditions, we determine a direct capture c
section into 4l . The cascade feed from 5l 8 has to be de-
duced. Finally, we obtain

s4s5sem~4s→3p!20.123s5p ;

this last factor is the emission cross section for the casc
feed of 4s from 5p. Accordingly, we get for the other sub
states ofn54 the following emission cross sections:

s4p5$sem~4p→3s!20.433s5s20.153s5d%/0.57,

s4d5$sem~4d→3p!20.253s5p20.323s5 f%/0.91,

s4 f5sem~4 f→3d!2s5g .

At 2 keV/amu, we obtains4s52.9310216 cm2, s4p57
310216 cm2, s4d50.7310216 cm2, and s4 f51
310216 cm2, yielding a total cross section for single ele
tron capture into Ar71 (n54) @process as proposed in Eq
~28!# of s451.2310215cm2. The uncertainty of these cros
sections is of the order of 30% and, as was explained in R
@3#, is basically due to the absolute calibration accuracy
the spectrometer.

Summing up, we obtain the total SC cross section,sSC
56.3310215cm2. It should be noted that this cross sectio
is a factor of 3 larger than the value obtained with He a
target@3#. Accounting for the uncertainty, this value has t
same magnitude as predicted by our scaling law@27#, which
gives in this case 8.5310215cm2 with an error of the order
20%.

The true DC cross section, in the sense that both captu
electrons remain on the projectile, ending after radiative c

t

FIG. 8. Auger spectrum after DC in Ar81/H2 at 80 keV. The
spectrum has been scanned to ease line identifications. The da
lines are the reaction window positions for Auger decays to thed
continuum~low energy! and to the 3p continuum~higher energy!.
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cades in the ground state Ar61(3s2) 1S0 and in the lowest
metastable state Ar61(3s3p) 3PJ

0, is determined by consid
ering the end transitions:

3s3p 1P1→3s2 1S0 ,

3s3d 3D→3s3p 3P0 and 3s4p 1P1→3s2 1S0 .

From this, we may write

sDC5sem~2p63s3p 1P1
0→3s2 1S0!

1sem~2p63s4p 1P1
0→3s2 1S0!

1sem~2p63s3d 3D→3s3p 3P!.

Since the autoionizing DC does not interfere with the p
cess of Eq.~1! in the sense that the available continua are
Ar71(2p63l ) states, which are not directly populated and n
considered for the SC cross section, we can obtain the
cross section as the ratio of the sum of the intensities of
transitions contributing to the true DC to the sum of t
intensities of the transitions contributing to the SC cross s
tion. This givessDC51.0310215cm2, not accounting for
the part of DC that stabilizes via Auger decay.

B. Auger spectrum

The first step in the analysis of the low-energy part of
spectrum shown in Fig. 8 consists in the calculation of
atomic features of the states expected to be populated, w
are not known so far; we need to know the Ar61(4l5l 8)1,3L
configurations.

We use the calculation method presented earlier@4#. We
calculated all 2p63ln8l 8 levels above the first ionization
limit of 2 p63s2 and all the 2p64l4l 8 configurations. We
took into account the coupling and mixing between 2p63dnl
and 2p64l4l 8. The results of the calculations performed f
Ar61(2p64l5l 8), limited to l 50,1 andl 850,1, are given in
Table I. The table contains the energy of each level, give
eV with respect to its ground state, the sum of all transit
probabilitiesSAr , the sum of all Auger probabilitiesSAa ,
and the corresponding total fluorescence yield defined a

vT5SAr /~SAr1SAa!.

For some levels we give, in Table II, optical transitio
wavelengths when the fluorescence yield is significant
should be kept in mind that the corresponding low intens
transitions might not be individually visible because of t
low population of each directly populated level at the time
the DC. But, given the instrument sensitivity and since
cascade process contributes in the population increase o
intermediate and final levels~funnel type feed of the cascad
termination!, it is thus possible to observe the final tran
tions as pointed above. To facilitate the inspection of
Auger decays and to evaluate approximately the ene
gains, the complete level scheme relevant to SC and D
shown in Fig. 9. For this representation, the relevant qua
ties needed for H2 ~ionization potential, dissociation energ
and second ionization potential! were taken from@28# and
@29#. From these values, it is possible to assign the energ
limits to the Auger series as they appear in the spectrum
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relate them to the energy-gain spectrum as shown in Fig
In Table III, we give the Auger electron energies for th
different series 4l nl 8 decaying to the different availabl
continua. Given the instrumental resolution, it is possible
make some assignments which show clearly that double

TABLE I. Calculated atomic data of important Ar61

(4l ,5l 8)levels Column 1, level designation; column 2, ener
from ground state~in eV!; column 3, sum of all transition probabili
ties; column 4, sum of Auger probabilities; column 5 total fluore
cence yield~see text!.

Level
Energy~eV!/
ground state S Ar (s21) S Aa (s21) vT

4s5s 3S1 156.76 9.08@109# 2.86@112# 3.16@23#

4s5s 1S0 157.72 6.74@109# 6.18@113# 1.09@24#

4s5p 1P1 160.04 9.82@109# 3.05@113# 3.22@24#

4s5p 3P0 160.27
4s5p 3P1 160.28 6.7@109# 1.16@111# 5.46@22#

4s5p 3P2 160.31 6.7@109# 1.15@108# 9.83@21#

4p5s 3P0 163.98
4p5s 3P1 164.01 5.58@109# 2.55@111# 2.14@22#

4p5s 3P2 164.08 5.54@109# 1.33@110# 2.94@21#

4p5s 1P1 6.76@25#

4p5p 1P1 166.16 8.85@109# 2.42@112# 3.65@23#

4p5p 3D1 166.53 8.12@109# 3.84@112# 2.11@23#

4p5p 3D2 166.58 8.11@109# 3.96@112# 2.05@23#

4p5p 3D3 166.65 8.12@109# 3.81@112# 2.13@23#

4p5p 3P0 167.18 9.64@109# 8.69@113# 1.11@24#

4p5p 3P1 167.21 9.62@109# 8.66@113# 1.11@24#

4p5p 3P2 167.25 9.63@109# 8.73@113# 1.10@24#

4p5p 3S1 167.56 7.74@109# 5.45@112# 1.48@23#

4p5p 1D2 167.97 8.56@109# 1.25@114# 6.84@25#

4p5p 1S0 169.67 1.07@110# 2.39@114# 4.49@25#

TABLE II. Most important optical transitions including level
with high fluorescence yields.

Upper Level Lower level vT S A1 (s21) l ~Å!

4s5p 3P1 3s2 1S0 5.46@22# 6.71@19# 77.35
3s4s 3S1 126.31
3s4s 1S0 128.91
3s4d 3D1 149.18
3s4d 3D2 149.19
3s4d 1D2 150.0

4s5p 3P2 3s4s 3S1 9.83@21# 6.7@19# 126.28
3s4d 3D1 149.15
3s4d 3D2 149.17

4p5s 3P1 3s2 1S0 2.14@22# 5.58@19# 75.60
3s4s 3S1 121.68
3s4s 1S0 124.10
3s4d 3D1 142.77
3s4d 3D2 142.78

4s5s 3P2 3s4s 3S1 2.94@21# 5.54@19# 121.60
3s4s 3D1 142.66
3s4d 3D2 142.67
3s4d 3D3 142.69
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ture goes mostly into 4l 5l 8, pointing towards the lower
angular momentum values. Even though it is currently
cepted that these doubly excited states should decay to
nearest continua, the observations do not strictly confirm
statement. Some of these assignments are shown in Tabl
They are based on the determination of the reaction wind
as suggested by Mack@14# ~use was made of the theory a
proposed by Niehaus@24#! and on the estimate of the energ
necessary to reach the system H11H1. It should be noted
that there is a great number of low-intensity peaks, wh
cannot be assigned: these are probably due to the first of
Auger steps following the double capture by the metasta
projectile Ar81(2p53s) 3P @4# and will be studied in a sepa
rate paper with the XVUV spectrum. If we account for th
autoionizing double-capture cross section as measured
given earlier (sADO51.9310215 cm2! @14,15#, the total
double-capture cross section is about 2.8310215cm2. This
value is nearly 50% of the total single-capture cross sect
In this collision the total fluorescence yield for DC is th
vT536%.

C. TES and TOF analysis of recoil ions

In Fig. 3, the peak at 20 eV corresponds to capture of
transferred electron into then55 states of the projectile~ex-
cluding target excitation!, whereas the peak at 45 eV is th
contribution to the capture inton54 states and to the trans
fer ionization process. As already discussed before, coi

FIG. 9. Energy-level diagram showing the entrance channel~left
column!, the SC channel~center!, and the DC channel~right col-
umn!. The dashed lines indicate the different ionization energ
from the entrance channel.
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i-

dence measurements with the recoil ions have shown th
DE520 eV, the recoil spectrum consists only of H2

1 ions,
i.e., the capture process is nondissociative. AtDE545 eV,
the recoil spectrum exhibits mainly H1 ions, i.e., the capture
process has led to the dissociation of the molecule, eithe
single capture or transfer ionization.

Does the internuclear distance of the H2 molecule change
during the electron-capture process or not? Assum
Franck-Condon transitions for DC~no change of the internu
clear distance!, we expect kinetic energies of the fragme
ions of the order of 9.7 eV, which is larger than the measu
value of (7.860.5) eV. The measured kinetic energy wou
translate into an internuclear distance of 1.7a0 , about 24%
larger than the equilibrium distance of 1.4a0 of the neutral
molecule. This finding is in agreement with results publish
by the Kansas group@30#, who concluded that only at muc
higher projectile velocities does the internuclear distance
proach the Franck-Condon limit. Our value is in betwe
their measured value of 2.25a0 for Ar51 ions with 1 keV
kinetic energy and the Franck-Condon limit. In this case,
E field carried in the interaction by the Ar51 ion is weaker
than in our case.

In the case of single-electron capture, different dissoc
tive molecular potentials can be populated, leading to kine
energies of the fragment ions in the range of 5–9 eV. The
fore, it is more difficult to conclude on the importance
non-Franck-Condon transitions. However, the TOF spe
shown in the upper part of Fig. 7 clearly demonstrate
presence of low-energy fragments, visible between the
ward and the backward peak. These contributions incre
with increasing projectile energy and scattering angle. A
cording to Wood and Olson@31#, the energy transferred in
the collision and the dissociation energy might appro
mately be equal for certain orientations of the H2 molecule.
One fragment can stay at rest while the other one rece
the total energy. As our detection system favors certain c
lision geometries~internuclear axes perpendicular to the io
beam!, this effect might be more pronounced in the case
single-electron-capture processes.

TABLE III. Calculated Auger decay rates and electron energ
for the decay to different available continua.

Level
Energy to
3s (eV)

Energy to
3p (eV)

Energy to
3d (eV)

2p64s2 1,3S 23.1 17.5
4s5s 32.7 15.2
4s5p 35.7–40 18.2–23.5
4s`1 71.4 54 30
2p64p2 S, P, D 36.3–37 15.5–16.8
4p5s 40 23.5
4p5p 42 24.5
4p` l 78 60.5 37
2p64d2 D, F, G 52.5–54 17.5–17.7
4d5l 62 44.5 19
4d` l 86.5 69 45.3
2p64 f 2 S, D, G 59.5–63.8 17.7–17.8 2.5
4 f 5l 72 54.5 31
4 f ` l 89 74.5 47

s
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TABLE IV. Auger transition assignments.

Level Decay to
3d (eV)

Amplitude
~a.u.!

Decay to 3p (eV) Amplitude
~a.u!

Decay to 3s (eV) Amplitude
~a.u.!

4s5s 15.3 4.45 31.5 1.62
4s5p 19.5 2.4 34.7 1.40
4s` l 29.8 0.6 53.7 0.14 72.9 0.06
4p5s 22.2 3.26 40.3 1.65
4p5p 3.1 2.02 26.1–27.5 3.2–3.85 42.7 0.7
4p` l 36.14 0.57 60.67 0.23
4d5l 20.8–21.3 4.14–1.84 43.6 1.72
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IV. DISCUSSION

In view of the experimental results presented above,
can now discuss the following fundamental questions: is
dissociation taking place in the entrance channel of the
lision or in the exit channel? Is the dissociation induced
the electric field and/or kinematically induced? In oth
words, is the transfer taking place from atomic hydrogen~as
a result of H2→H1H) or is electron transfer taking plac
from the molecule leaving H2

1 or H2
21, which then disso-

ciate?
In the experimental conditions, it is important to derive

the basis of the classical Coulomb law the order of mag
tude of the electric field brought in by the projectile. At
distance of 4a0 between target and ion, the field is of th
order of 7.33108 V/cm ~which corresponds to 0.2–0.3 a.u!.
Moreover, we note, that if we consider the time of flight
the projectile necessary to pass the distance from 12 to 4
from the target, the molecule will feel a space and time fi
variation of the order of 1.531025 V/ms. It seems that the
prevailing conditions compare with the conditions created
femtosecond laser pulses interacting with molecules, wh
the field intensity is high and the interaction time is lo
~compared to the collision time!, giving an overall time-
space variation for the electric field slightly larger than in t
collision (1.531026 V/ms). But in contrast to the laser cas
the interaction takes place in the presence of a continuo
increasing electric field, which does not imply electroma
netic interaction. In the case of the laser, about 17 cycle
the laser radiation take place@32#, thus allowing for photon
exchanges and promotion up along the excitation levels
der.

Given these remarks, we note that with a Landau-Ze
potential curve crossing approach, the most probable sin
electron transfer should take place at distances between
molecule and the Ar ion of the order of 7–8 a.u. This
reflected in Fig. 3, showing the counting rate versus the
ergy gain~solid curve: multichannel Landau-Zener calcu
tion!. From this, we would conclude that the dissociati
would proceed while the ion gets closer to H2

1, which then
dissociates into H11H. This is facilitated because the ele
tric field has, in flight, distorted the molecular ion by a hig
intensity Stark effect. We have also to consider the cha
teristic times in the actual experimental conditions: for t
we have the time-ordering sequence:
e
e
l-
y
r

i-

.u.
d

n
re

ly
-
of

d-

er
le-
the

n-

c-

tcollision,tmolecule vibration,tobservation

In these conditions, the importance of vibrational excitati
of the molecule cannot be judged. Summing up, an elec
is transferred first, then the dissociation process is suppo
by anE-field interaction distorting the molecule; this wou
possibly couple one potential curve of the molecular ion w
the ion dissociation curve~@24#, and references therein!. Ki-
netic energy transferred during the collision can contribute
breaking the residual H2

1 ion.
The photon spectra as analyzed give further credit to

possibility of a non-Franck-Condon dissociation, given t
high value of the capture cross section into then54 mani-
fold, pointing to the 4s and 4p states of Ar71. In @31#, it is
underlined that at increasing collision velocities toward v
ues closer to 1 a.u., the dissociation process would dev
more and more from a Franck-Condon transition. This
what the spectroscopic observations seem to indicate, s
referring to Fig. 9, all the quantities for the ionization diss
ciation and second ionization potential of H2 and H2

1 were
taken as non-Franck-Condon values@28#.

V. CONCLUSION

We have determined the cross sections of SC and DC
the system Ar811H2. They are relatively large and agre
with the experimental scaling laws. The importance of t
non-Franck-Condon dissociation has been underlined an
probably of primary importance. Since, in contrast to t
femtosecond laser interaction with molecules, there is
photon exchange but a high-intensity continuously incre
ing electric field felt by the molecule; the strong field cou
modify the internuclear distance of the H atoms and th
facilitate the dissociation of the molecule. Further develo
ments should involve the observation of the photon emiss
by the fragments of the molecules and also the use of i
with higher charges where the non-Franck-Condon disso
tion is expected to become even more important.
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