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Collision spectroscopy of AP*+H, at low velocities (v<1 a.u)
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Single and double electron transfer have been studied for the collision sysfem Ay at low velocities
(v<1a.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 targel, a channel is opened where electron capture takes place with further dissociatigh. of H
We consider the target fragment dynamics and discuss possible molecule dissociation mechanisms.
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PACS numbds): 32.30—r, 32.80.Dz, 34.70:e

. INTRODUCTION decays to the intermediate continua’A¢2p®313l’), the
second one getting the ion to the only available continuum
Determination of cross sections for ion-atom and ion-Ar®*(2p®) 1S, [4]. For the case at hand, &r+H,, single
molecule collisions is of importance for different applica- capture is straightforward to identify in the spectrum, al-
tions such as plasma modeling. It is essential to understarttiough in contrast to the He target, dissociation ofriray
the excited-state population dynamics, because it relates diake place. In the case of double electron capture, Auger
rectly to the radiative emission pattern of plasmas. In thelecays are more difficult to analyze because not much is
case of single electron capture by ground-state ions, opticainown about the atomic features and thus theoretical calcu-
observations in the x-ray vacuum ultravioletVUV) and lations are required. Even though many studies were per-
visible regions provide high-accuracy data where Doppleformed and published, which discuss cross-section measure-
shift and broadening of transitions are negligible. Beyondments, many aspects are left nearly unexplaifgeeLd]. In
data taking, the use of intensity-calibrated spectrometer§ome other papers involving,Hs a target, no special atten-
makes excitation cross-section estimates posdible For  tion was given to its molecular nature, focusing only on the
metastable projectiles, single capture generally ends in thdouble capture mechanisrisl-13.
formation of ions in doubly excited states, frequently ener- In Sec. Il, we present the experiments and the applied
getically above the first ionization limit. These states are bamethods together with the experimental results. In Sec. Ill,
sically of the same kind as those seen in plasmas, formed biie discussion outlines the collision cross sections and fea-
dielectronic recombination, which have specific stabilizationtures single capture, single capture with target dissociation,
patterns. In plasmas, the optical decays termed satellite emignd double capture. In Sec. IV, we discuss the collision
sions are of great interest but the Auger decay is ignored an@lechanisms. The existence of the possible dissociation of H
cannot be investigatdd situ. In collision studies, when both opens channels not observable with atomic targets and we
decay channels are observed, theoretical estimates of endliscuss a possible electric-field-induced process.
gies, radiative transition probabilities, Auger transition prob-
abilities, and fluorescence yields of extended sets of levels
are needed for the purpose of identifications; beyond that,
cross sections and rate coefficients can be deternji?led
Extensive studies of the system®Ar-He have been per- The collision system A¥ +H, has been studied with dif-
formed. The detailed features were analyzed and are reasoferent experimental techniques: on the one hand, XVUV
ably well understood3]. Double capture by the metastable photon spectroscopy was applied to the observation of the
projectile ends in the triply core excited magnesiumliké'Ar  decay following single and double captui@C and DQ at
ion, the stabilization of which has been shown to take placen energy of 80 keV. On the other hand, the translational
via two successive Auger steps: in the first one, the systeranergy gain spectroscogyES) technique was used at ener-

Il. EXPERIMENTAL ARRANGEMENTS, METHODS,
AND RESULTS
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gies of 8 and 16 keV. This method, performed at zero degreeB. Translational energy gain and time-of-flight spectroscopies
apd qt smgll angles with respect to the incident ion-b.eam The principle of the method and details on the experimen-
direction, gives access to the states .populated in the CO”'S'O'?aI setup were described in previous publicatig8g7]. A
Auger spectra are also considered: these were recorded lP))éam of AF* ions is delivered by the ECR ion source of the
other group$14,15 under the same experimental conditions I ispherical electrostati lvzer
and are still open for analysis and discussion. A.I.M. facility. A double hemispherical elec rostatic analyze

is used to narrow the energy and angle distributions of the
primary beam([it yields an energy profile of 0.5 eV per
charge full width at half maximum{FWHM)]. The beam

At a typical collision energy of 80 keV2 keV/amy, the interacts in the collision chamber with an effusive tidrget.
spectrum of the emitted radiation was recorded with theThe collision chamber incorporates the first acceleration re-
grazing incidence spectrometer described eafiérTaking  gion of a Wiley-McLaren time-of-flight mass spectrometer,
into account the intensity calibration of the device, the specallowing for the measurement of the mass-to-charge ratio of
trum was reduced to the form shown in Fig. 1. In the shortthe recoil target iongmolecules H* and fragments H).
wavelength regiori100-160 A, a second spectrometglr6] The secondary ions after SC and DC are detected at different
was used giving finer details; this spectrometer was not inscattering angles; they are analyzed with respect to their
tensity calibrated on an absolute scale. However, in Fig. 2charge and kinetic energy with a second energy analyzer,
the most intense lines are unambiguously attributed to thevhich can be rotated around the collision chamber. From the
excitation of Af*(2p®5l) 2L and some weaker rays are analysis of the energy gain of the projectiles, the excitation

A. Optical spectroscopy in the vuv range

originating from Ar*(2p°6l) 2L. energy and the populated states are determined.
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FIG. 3. Energy-gain spectrum of Ar ions produced in
Ar8*/H, collisions at 8 keV; scattering angle 0°. The vertical lines

indicate the position of capture into specifit levels. The solid FIG. 4. Variation of the energy-gain spectrum with the scatter-
curve shows the result of a multichannel Landau-Zener calculationng angle of the projectile. The different curves are normalized in

energy gain (eV)

intensity with respect to each other. Collision conditions as in

Figure 3 shows a TES spectrum takerdat0° for the SC  Fig. 3.
(Ar’* ion9). This spectrum is centered at an energy gain of
about 20 eV; a weaker high-energy contribution occurs at . . . . . .
about 40 eV. Neglecting excitation of the target, the peak al’ coincidence with outgoing Ar ions(SC and transfer ion-

. i STET
20 eV may be attributed to SC of the transferred electron intdZation and AP |or?s (DE)' For all Ispictra, the tlrze differ-
n=5 states of the projectile, whereas the peak at 40 eV ma§"Cce Petween both peaks is nearly the séaeut 400 ns

be attributed to capture intof4and 4d states. The full curve hei_r at_)solute position depend_s on th_e scattering angle of the
in Fig. 3 shows the result of a multichannel Landau-ZenerprOJeCt'le and whether the projectile is scattered slightly to-

calculation [18]. It represents the dominant contributions wards the recoil detector or into the opposite djrection. This
very well, favoring capture into thecblevel. In Fig. 4, the general shift of both peaks can be understood in terms of the

variation of the energy gain spectrum with the :scattering%inemat_iC energy trar_lsfer from the projectile to the target.
angle of the projectile (0% §<0.6°) is shown for a collision valuating the time difference between the forward an(_j _the
energy of 8 keV. The different curves are normalized Withbackward peak, one can deduce the amount of the initial

respect to each other. Whereas for small angles capture inhﬁnet'c energy due to dissociation. A time difference of 400

n=5 is dominant, larger energy gains become more promi_ns corresponds in the present case to a fragment energy of

nent with larger scattering angles about 7.8 eV. The similarity of the energy gains and the
: ; ; k. +
In order to test whether these contributions are due t(gragment energies in the Ar and A" case suggests that

dissociative or nondissociative processas; spectra of the the major _part of Af* 'OnS.W'.th energy gains of about
recoil ions have been measured in correlation with the ki-*0—20 €V is due to transfer ionization. However, at least the
netic energy gain of the projectiles of 20 and 45 eV, respecpresgnce of a .Iow—e.nerg%pleak, which ha? be$|+1 .measured
tively. These spectra are shown in Fig. 5 for a scatterin nly in correlation W'.th Af” lons .and not with AT™ ions,
angle of 0.15°. AWE=20 eV, the recoil spectrum consists eems to stand for dissociative single electron capture.

only of H,* ions, i.e., the capture process is nondissociative.

At AE=45 eV, the recoil spectrum shows dominantly H C. Auger spectrum

ions; H,* ions give only a small contribution. In this case, Finally, for the sake of completeness, in view of the
capture leads to the dissociation of thgtHolecule. The H  analysis and interpretation, an Auger spectrum is shown in
ions form a double-peak structure, denoting ions with arFig. 8; it was taken under the same experimental conditions
initial kinetic energy which are emitted towards or away[14] as the vuv spectrum and was not fully analyzed and
from the detectofions emitted perpendicular to the extrac- interpreted.

tion direction are not detected,; this leads to the two distinct [t appears that not much is known on the atomic features
peaks. However, the question arises whether theseiths  of the doubly excited levels AF ** likely to be populated in
stem from a dissociative single capture or whether they arene double transfer process. The spectrum was scanned and
due to transfer ionization processes. As electrons were n@jeak energies were precisely determined. The complete Au-
measured in coincidence, we used both the TES spectra froger spectrum comprises two parts.

DC and the initial kinetic energy of the Hions after single (i) The low-energy part, extending from 0 to nearly 60
and double capture processes in order to further discuss thés/, relates to the DC by the ground-state projectile but in
issue. which are expected to be found some rays originating from

The TES spectrum for DC is shown in Fig. 6. The energythe stabilization of the products from DC by the metastable
distribution is centered at abosE =50 eV and corresponds ion. Only this low-energy part is considered here. In Fig. 8
to double capture into the (4l ") configurations of A¥". In  we also show the reaction window@ashed linesfor the DC
Fig. 7, the TOF spectra of the'Hoeaks are shown, measured with provision for the decay to the two available continua,
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namely Ar*(3p) and Ar'*(3d). to be populated in SC, whereas the extended classical over-

(i) The high-energy part of this spectrum extends frombarrier model[23,24 under certain assumptions may give
100 eV approximately up to nearly 265 eV and is attributedthe specifia values for multiple electron transfer. A difficult
to the decay following SC and DC on the metastable(this ~ problem to solve is to estimate the orbital momentuof

will be treated in a separate paper those states which are populated with high probability. A
scaling law has been propos¢@5] that accounts for the
IIl. CROSS SECTIONS AND COLLISION FEATURES kinematic conditions of the collision and of the nature of the

target and projectile.
Even though H is a two-electron target, its molecular  Keeping these considerations in mind, the following equa-
nature opens more channels in charge-transfer collisions. Wons denote the major reaction channels.
have to consider the following: SC,
SC,
8+ 7+ 2 + ’
Ar®* 4+ Hy,— Ar'H (nl) +H, (1) A H = A Lt M @)

SC and dissociation, SCtdissociation,

A8+ Hy > Ar’ T (nl)+ HY +H. (2) Ar®* +H,—Ar’ " (41) 2Ly +H* +H(n=2),  (2)
DC, AT+ H,—Ar'*(51)2L;+HT +H(n=1), (2'")
8+ 6+ %% + +
AT H = AT A HT AR @ \while DC should end in
This last process may be followed by autoionization, 50
Arét * L ArTt 1 e (4) ,
el s
and/or photon emission, %
3
Ar6H*x A6t 4 hy (5) s 30 {} H
«©
Dissociative SG2) has to be considered, because its impor- 2 20 } { J H Jﬁ }
tance has been shown in experiments with other molecular £ {H } H{ H } {
targets and different multiply charged projecti[d9-21. kS 10 } { { % } {
Beyond that, we know that in charge exchange collisions ﬁﬁ % {H HH
the projectile is left in the exit channel in excited states. For s j t Hii}
the purpose of evaluating the value fprincipal quantum 020 40 60 80

number of the levels most likely to be populatei is pos-
sible to use different models. Among them, two have been
frequently used and agree quite well with the observations:
the model proposed as early as 1981 by Mautml. [22] FIG. 6. Energy gain of A" ions produced by DC in Af/H,
gives the principal quantum number of the levels most likelycollisions. Collision energy: 8 keV; scattering angle: 0°.

AE (V)
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FIG. 7. Time-of-flight distribution of the H fragments mea-
sured in coincidence with AF ions (upper curvesAE=45eV at
two collision energiesand AP* ions (lower par} after AB*/H, This gives a total capture cross section intd Xn=5) of
collisions (the time scale has been slightly shifted for the differentabout 5.% 10" cnp
curves in order to superimpose the different pgaks ) :

O59= Oend 59— 4f)/0.99=0.71x 10" cn?,

Comparing the different line intensities, it appears that the
transitions originating from the=4 substates have not only
a cascade feeding from=5 but also a direct feed2’).
) ) ) ) Under these conditions, we determine a direct capture cross
The following set of orbital moments is most likely to be gaction into 4. The cascade feed froml 5 has to be de-
populated: SC(1'): 1=1,2; SCrdissociation (2'): | duced. Finally, we obtain
=0,1; (2"):1=0,1,2; DC(3'): 1=1,2 andl’'=1,2.
With this identification, it is possible to estimate cross O 45= Oen(45—3p) —0.12X 05 ;
sections at least for SC. For DC, first we will give the results
of calculations performed to obtain the atomic features othis last factor is the emission cross section for the cascade
Arb*(41,51"), so far not known. feed of 45 from 5p. Accordingly, we get for the other sub-
states ofn=4 the following emission cross sections:

Ar8* +Hy— Ar (41,5 + HT + H*. (3)

A. VUV spectroscopy and cross-section estimates for SC

and photon-stabilized DC Tap=10em(4p—3s) — 0.43X 05— 0.15X 0754}/0.57,

Most previous observations and cross-section determina- o 4q={0en{4d—3p)—0.25X o5, — 0.32X 05¢}/0.91,
tions have been based on the measurement of the intensity of
Ar’" jons at the exit of the collision ce[5—10. With the T41=0en{4f—3d) — 054.
consideration of Eqs(1), (2), and(4), it is not possible to
discriminate the origin of these ions. However, the opticalAt 2 keV/amu, we obtaino,,=2.9x10 ¢ cn?, o4,=7
approach allows, under the condition that the spectrometer 510 ° cn?,  044=0.7x10"1® cn?, and o4=1
intensity calibrated, for the determination of the cross secX 10 16 cn?, yielding a total cross section for single elec-
tions [3]. The method consists of measuring the emissioriron capture into AF" (n=4) [process as proposed in Eq.
cross sectionr,,, for each individual transition for directly (2')] of o4=1.2x10 *cn?. The uncertainty of these cross
populated levels, when cascade contributions can be neections is of the order of 30% and, as was explained in Ref.
glected. Correcting this quantity by the branching r&#i6],  [3], is basically due to the absolute calibration accuracy of
we get the excitation cross section of the upper level of théhe spectrometer.
transition. Summing up, we obtain the total SC cross sectiogg

For the case at hand, the spectra show a very weak cas=6.3x 10 **cn?. It should be noted that this cross section
cade population originating from=6 to 5 (see Fig. 2 is a factor of 3 larger than the value obtained with He as a
Therefore, the cross sections for the excitationnef5 in  target[3]. Accounting for the uncertainty, this value has the

Ar’* are estimated to be same magnitude as predicted by our scaling [aw], which
gives in this case 8:%10 ®cn? with an error of the order
O5s= 0en{ 55— 3p)/0.57=1.4x 10 1° cn?, 20%.

The true DC cross section, in the sense that both captured
O5p= Oenf 5p—45)/0.12=1.2X 10" 15 e, electrons remain on the projectile, ending after radiative cas-
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cades in the ground state %(352) 1SO and in the lowest TABLE |. Calculated atomic data of |mp0rtant %r

metastable state ﬁ\f(BsSp) 3PSJ, is determined by consid- (41,51")levels Column 1, level designation; column 2, energy
ering the end transitions: from ground statéin eV); column 3, sum of all transition probabili-

ties; column 4, sum of Auger probabilities; column 5 total fluores-

3s3p 1P1—>352 150, cence yield(see texk
3s3d3D—3s3p3P, and 34p’P,—3s21S,. Energy (eV)/
%P o S So Level ground state S A, (s) S A,(sH w7
From this, we may write 4s5s3S, 156.76  9.0B+09] 2.8+12] 3.16-3]
1

— o (205353p 1P0_, 352 1 4s5s'S, 157.72  6.78+09] 6.1§+13] 1.09—4]
0DC= Ten{ 2p7353p P71 357 7Sy) 4s5p 1P, 160.04  9.8p+09] 3.0+13] 3.29-4]

+ 0o 2p®3s4p 1P{— 3% 1S)) 4s5p 3P, 160.27
4s5p 3P, 160.28 6.7+09] 1.14+11] 5.44-2]

6 3 3

+0en{2p°3s3d °D—3s3p °P). 4s5p 3P, 16031  6.7+09] 1.19+08] 9.83—1]

4p5s3P, 163.98

Since the autoionizing DC does not interfere with the pro
cess of Eq(1) in the senge that the available continua arepthe p553p1 164.01 558+09] 2.59+11] 2.14-2]
Ar’*(2p®3l) states, which are not directly populated and not*P>S °P, 164.08  55#+09] 1.33+10] 2.94-1]
considered for the SC cross section, we can obtain the D@PSs Pl 6.7 5]
cross section as the ratio of the sum of the intensities of th&P5P P 166.16 8.85+09 2.47+12] 3.69-3]
transitions contributing to the true DC to the sum of the4PSP 3Dl 166.53  81p+09] 3.84+12] 2.11-3]
intensities of the transitions contrlbutlng to the SC cross sec4P5p °D> 166.58  8.1[1+09] 3.9¢+12] 2.09-3]
tion. This givesope=1.0x10 ®cr?, not accounting for 4P5p °Ds 166.65 8.1p+09] 3.81+12] 2.139-3]

the part of DC that stabilizes via Auger decay. 4p5p °Pg 167.18 9.6f+09] 8.69+13] 1.11-4]
4p5p 3P, 167.21 9.6p+09] 8.64+13] 1.11-4]

B. Auger spectrum 4p5p 3p, 167.25 9.6B+09] 8.73+13] 1.10-4]

4p5p 3S; 167.56 7.78+09] 5.45+12] 1.49-3]

The first step in the analysis of the low-energy part of the, 4p5p 1D, 167.97 8.5p+09] 1.29+14] 6.84-5]

spectrum shown in Fig. 8 consists in the calculation of the
atomic features of the states expected to be populated, whic
are not known so far; we need to know the® A¢4151") 3L
configurations.

We use the calculation method presented ealflgrWe
calculated all p%3In’l’ levels above the first ionization
limit of 2p®3s? and all the %4141’ configurations. We
took into account the coupling and mixing betweg?2dn|
and 20%4141". The results of the calculations performed for
Ar®*(2p®4151"), limited tol=0,1 andl’ =0,1, are given in
Table I. The table contains the energy of each level, given in
eV with respect to its ground state, the sum of all transition””
probabilitiesX A, , the sum of all Auger probabilitieZA,,
and the corresponding total fluorescence yield defined as

5p 1S, 169.67 1.0p+10] 2.39+14] 4.49-5]

relate them to the energy-gain spectrum as shown in Fig. 8.
In Table lll, we give the Auger electron energies for the
different series # nl’ decaying to the different available
continua. Given the instrumental resolution, it is possible to
make some assignments which show clearly that double cap-

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

Upper Level  Lower level o7 SA(sH NA

4s5p 3p 3?21 54-2] 6.71+9 77.35
or=3A[(ZA+32A,). P 3345%)1 2 e 126.31
For some levels we give, in Table Il, optical transition 35453180 128.91
wavelengths when the fluorescence vyield is significant. It 3s4d 3D1 149.18
should be kept in mind that the corresponding low intensity 3s4d lDZ 149.19
transitions might not be individually visible because of the 3s4d "D, 150.0
low population of each directly populated level at the time of4S5P *P2 3s4s®S,  9.83-1] 67+9]  126.28
the DC. But, given the instrument sensitivity and since the 3s4d°D, 149.15
cascade process contributes in the population increase of the 3s4d °D; 149.17
intermediate and final level§unnel type feed of the cascade 4p5s°P; 3515, 214-2] 554+9] 75.60
termination, it is thus possible to observe the final transi- 3s4s°s; 121.68
tions as pointed above. To facilitate the inspection of the 3s4s's, 124.10
Auger decays and to evaluate approximately the energy 3s4d°D, 142.77
gains, the complete level scheme relevant to SC and DC is 3s4d°D, 142.78
shown in Fig. 9. For this representation, the relevant quanti4sss 3p, 354533, 2.94-1] 5.54+49] 121.60
ties needed for Kl(ionization potential, dissociation energy, 3s4s°D, 142.66
and second ionization potentialvere taken from{28] and 3s4d 3D, 142.67
[29]. From these values, it is possible to assign the energetic 3s4d 3D, 142.69

limits to the Auger series as they appear in the spectrum and
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- — TABLE lIl. Calculated Auger decay rates and electron energies
A (20Y'S0 " for the decay to different available continua.
H* +H(2) = - Energy to Energy to Energy to
3t Level 3s(eV) 3p (eV) 3d (eV)
—
af atol 2p°4s? 13 23.1 175
4d ol 4s5s 32.7 15.2
O 4s5p 35.7-40 18.2-23.5
—— 445l 4sol 71.4 54 30
. 2p°4p? S, P, D 36.3-37 15.5-16.8
W Eg{s 5 4p5s 40 235
3 g 4p5p 42 245
| e s I 4peo 78 60.5 37
A (35)° 1 ' 2p%d? D, F, G 52.5-54 17.5-17.7
4d5l 62 445 19
4dool 86.5 69 45.3
2p®4f2 S, D, G 59.5-63.8 17.7-17.8 2.5
415| 72 54.5 31
4f ool 89 74.5 47
3s4s
dence measurements with the recoil ions have shown that at
AE=20 eV, the recoil spectrum consists only of Hions,
i.e., the capture process is nondissociative Md=45¢eV,
the recoil spectrum exhibits mainly*Hons, i.e., the capture
L2677 2677 ———— process has led to the dissociation of the molecule, either by
eV AT G S single capture or transfer ionization.

. . Does the internuclear distance of the #dolecule change
FIG. 9. Energy-level diagram showing the entrance chafie| during the electron-capture process or not? Assuming

column), the SC cha_nne(]gen_teit, and th‘? DC ch_ann_we(h_ght col- . Franck-Condon transitions for D@o change of the internu-
umn). The dashed lines indicate the different ionization energies | dist t Kineti . f the f t
from the entrance channel. clear distancg we expect kinetic energies of the fragmen

ions of the order of 9.7 eV, which is larger than the measured

ture goes mostly into 14 51’, pointing towards the lower value of (7.8£0.5) eV. The measured kinetic energy would
angular momentum values. Even though it is currently aclranslate into an internuclear distance ofak.7 about 24%
cepted that these doubly excited states should decay to tii@r9er than the equilibrium distance of agof the neutral
nearest continua, the observations do not strictly confirm thg'elecule. This finding is in agreement with results published
statement. Some of these assignments are shown in Table 19 the Kansas groufg0], who concluded that only at much
They are based on the determination of the reaction windo igher projectile velocities does the internuclear distance ap-
as suggested by Madk4] (use was made of the theory as proach the Franck-Condon limit. Our value is in between
. 5+ . .

proposed by Niehau@4]) and on the estimate of the energy tNeir measured value of 2.8 for Ar>" jons with 1 keV
necessary to reach the systemi+H". It should be noted kinetic energy and the Franck-Condon limit. In this case, the

that there is a great number of low-intensity peaks, whictE field carried in the interaction by the AT ion is weaker
cannot be assigned: these are probably due to the first of twia@n in our case. . o
Auger steps following the double capture by the metastable N the case of single-electron capture, different dissocia-
projectile AB*(2p°®3s) 3P [4] and will be studied in a sepa- tive m_olecular potentials can b_e populated, leading to kinetic
rate paper with the XVUV spectrum. If we account for the 8Nergies of the fragment ions in the range of 5-9 eV. There-
autoionizing double-capture cross section as measured af@'®: It is more difficult to conclude on the importance of
given earlier Gapo=1.9<10"5 cm?) [14,15, the total non—Franck—Condon transitions. However, the TOF spectra
double-capture cross section is about:21® °cn?. This shown in the upper part of Fig. 7 clearly demonstrate the

value is nearly 50% of the total single-capture cross sectiorF.’resdenC((aj 0;‘1 IO\l;v-eIr(lergyé fragrl?enLS, visible ".’gtwee” the for-
In this collision the total fluorescence yield for DC is thus Ward and the backward peak. These contributions increase

w-=36% with increasing projectile energy and scattering angle. Ac-
T . . .
cording to Wood and Olsof31], the energy transferred in
the collision and the dissociation energy might approxi-
mately be equal for certain orientations of the fidolecule.

In Fig. 3, the peak at 20 eV corresponds to capture of th@ne fragment can stay at rest while the other one receives
transferred electron into the=5 states of the projectileex-  the total energy. As our detection system favors certain col-
cluding target excitation whereas the peak at 45 eV is the lision geometrieginternuclear axes perpendicular to the ion
contribution to the capture into=4 states and to the trans- bean), this effect might be more pronounced in the case of
fer ionization process. As already discussed before, coincisingle-electron-capture processes.

C. TES and TOF analysis of recoil ions
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TABLE IV. Auger transition assignments.

Level Decay to Amplitude Decayto (eV) Amplitude Decayto 3(eV) Amplitude

3d (eV) (a.u) (a.u (a.u)

4s5s 15.3 4.45 315 1.62
4s5p 195 24 34.7 1.40
450 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
4pool 36.14 0.57 60.67 0.23

4d5l| 20.8-21.3 4.14-1.84 43.6 1.72

IV. DISCUSSION

tcollision< tmolecule vibration< tobservation

In view of the experimental results presented above, Wen these conditions, the importance of vibrational excitation
can now discuss the following fundamental questions: is thef the molecule cannot be judged. Summing up, an electron
dissociation taking place in the entrance channel of the colis transferred first, then the dissociation process is supported
lision or in the exit channel? Is the dissociation induced byby an E-field interaction distorting the molecule; this would
the electric field and/or kinematically induced? In otherpossibly couple one potential curve of the molecular ion with
words, is the transfer taking place from atomic hydroges the ion dissociation curvg24], and references thergirKi-

a result of H—H+H) or is electron transfer taking place netic energy transferred during the collision can contribute to
from the molecule leaving 5 or H,>", which then disso- breaking the residual 4 ion.
ciate? The photon spectra as analyzed give further credit to the

In the experimental conditions, it is important to derive onPossibility of a non-Franck-Condon dissociation, given the
the basis of the classical Coulomb law the order of magnifigh value of the capture cross section into the4 mani-
tude of the electric field brought in by the projectile. At a fold, pointing to the 4 and 4p states of Af*. In [31], it is
distance of 4, between target and ion, the field is of the underlined that at increasing collision velocities toward val-

order of 7.3< 10° V/em (which corresponds to 0.2—0.3 3.u. ues closer to 1 a.u., the dissociation process y\_/ould de_zviate
Moreover, we note, that if we consider the time of flight of more and more from a Franck-Condon transition. This is

the projectile necessary to pass the distance from 12 to 4 a.What the spectroscopic observations seem to indicate, since

. : . ‘referring to Fig. 9, all the quantities for the ionization disso-
from the target, the molecule will feel a space and time field_._ S . +
variation of the order of 181075 V/ms. It seems that the C auon and second ionization potential of Bind k™ were

o - . " . taken as non-Franck-Condon valyés].
prevailing conditions compare with the conditions created in es]

femtqsecpnd Ia.ser_ pul_ses interactir!g with molepule;, where V. CONCLUSION
the field intensity is high and the interaction time is long . )
(Compared to the Co||isi0n t|n)e g|v|ng an overa” time_ We haVe detel‘mlned the Cross sections Of SC and DC fOI‘

space variation for the electric field slightly larger than in thethe system At"+H,. They are relatively large and agree
collision (1.5 10%% V/ms). But in contrast to the laser case, With the experimental scaling laws. The importance of the
the interaction takes place in the presence of a continuousf§Pn-Franck-Condon dissociation has been underlined and is
increasing electric field, which does not imply electromag- robably of primary |mport_ance._S|nce, In contrast to the
netic interaction. In the case of the laser, about 17 cycles Otpmtosecond laser Interaction W'th. molecgles, ther_e IS o
the laser radiation take pla¢g2], thus allowing for photon photon exchange but a high-intensity continuously increas-

exchanges and promotion up along the excitation levels Iad.-ng e_Iectric field felt by the molecule; the strong field could
der. moq_|fy the mtgrnuc_ler_;w distance of the H atoms and thus
Given these remarks, we note that with a Landau-ZenePC'l'tate the d_|SSOC|at|on of the m_olecule. Further dev_elo_p-
potential curve crossing approach, the most probable single! ents should involve the observation of the photon emission
electron transfer should take place at distances between t d the_ fragments of the molecules and also the use_of lons
molecule and the Ar ion of the order of 7-8 a.u. This is WIth higher charges where the non-Franck-Condon dissocia-
reflected in Fig. 3, showing the counting rate versus the enton 1 expected to become even more important.
ergy gain(solid curve: multichannel Landau-Zener calcula-
tion). From this, we would conclude that the dissociation
would proceed while the ion gets closer tgH which then The optical (Fig. 1), Auger, and TES and TOF spectra
dissociates into H+H. This is facilitated because the elec- have been measured at the Alétateur d’lons Multichargs,
tric field has, in flight, distorted the molecular ion by a high- a facility of CEA-Grenoble. We would like to thank F.
intensity Stark effect. We have also to consider the charadSustavo for preparing the ion beam. The extreme VUV spec-
teristic times in the actual experimental conditions: for thistrum calculation was taken at the University of Nevada,
we have the time-ordering sequence: Reno.
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