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Enhanced charge transfer to molecular ions by electronic excitation of the target
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A beam of molecular ions (ArH+, ArD+, or D3+) was neutralized by passage through an excited cesi-
um vapor; two single-mode diode lasers were used to populate the 6 P3/2 state of the cesium atoms. The
charge-transfer cross section could be increased by laser excitation of the Cs target, in some cases by or-
ders of magnitude. This was established by observing the intensity of the luminescence from the neutral-
ized molecules, which was enhanced by a factor of up to 10. The enhancement factors are in qualitative
agreement with results of computations that follow the theoretical treatment for atoms introduced by
Rapp and Francis [J. Chem. Phys. 37, 2631 (1962)]. This experimental technique is a generally applica-
ble method for any molecular-beam technique that relies on charge transfer.

PACS number(s): 34.70.+e, 34.80.Qb, 33.20.Kf, 33.20.Lg

I. INTRQDUCTION

Charge-transfer processes are among the most funda-
mental and frequent processes encountered in nature.
For example, oxidation (and its counterpart reduction) is,
in its general sense, a charge-transfer process. Charge
transfer can, in many cases, be induced or inAuenced by
light impinging on the material under investigation. Sub-
jects of current research are, e.g., in biology the pho-
tosynthesis of chlorophyll, or in solid-state physics the
solar cell; in both processes the absorbed light separates
charges producing "free" electrons and holes followed by
charge-transfer processes between donors and acceptors
[1]

Elementary chemical gas phase reactions with very
0

large (100 A and more) cross sections, e.g. ,
Li+F2~LiF+F, are also explained in terms of a
charge-transfer mechanism: the valence electron of the
lithium atom attaches itself to Fz and by ionic attraction
Li+F2 is formed; in a final step, one F atom is expelled
from this intermediate complex [2]. Experiments on
charge transfer to atomic ions in the gas phase have some
similarity to this class of reactions. These experiments
have mostly been performed using crossed beams (in
some cases the charge donor was electronically excited by
light), and in most cases alkali atoms have been employed
to transfer their valence electron to some atomic ion. In
these experiments, the alkali atoms were excited by the
light of dye lasers [3] or, in the case of rubidium and cesi-
um, by diode lasers [4]. Usually, the effect of exciting the
electron of the donator is to reduce the di6'erence be-
tween the ionization energies of the electron donator and
the acceptor. The remaining gap between the ionization
energies hE can be bridged by the suitable Fourier com-
ponent of the electric field that is generated when the
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atoms (or molecules) participating in the charge transfer
pass each other. Massey [5] pointed out that the match-
ing Fourier component is at its maximum when the fol-
lowing relation is fulfilled:

hE U

h a

where U stands for the relative velocity of the charge-
transfer partners, and a is a length of atomic dimensions.
A more detailed quantum-mechanical theory was in-
voked by Rapp and Francis [6] who solved the time-
dependent Schrodinger equation employing hydrogenlike
1s electronic wave functions to calculate charge-transfer
cross sections. Their work has been improved and
corrected several times, see, e.g., [7—9]. Orientational
and spin eIIects have not been considered in these treat-
ments of which the main qualitative results are for
b,E =0 (resonant charge transfer), the cross section o(u)
decreases monotonically when the relative velocity U of
the charge-transfer partners ranges from 10 to 10 m/s.
For EEWO (nonresonant transfer), cr(u) increases with in-
creasing velocity U until the so-called Massey criterion
[Eq. (1)] is fulfilled. At this velocity, o(v) reaches its
maximum, which is close to the cross section one would
obtain if b,E was equal to zero. Then cr(v) decreases
monotonically with further increasing velocity U and ap-
proaches the curve describing resonant charge transfer.
A comparison of the calculated cross sections with exper-
imental results using identical (i.e., hE =0) and different
(i.e., bEWO) collision partners reported in Rapp and
Francis' work furnished qualitative agreement.

Surprisingly few experiments have been performed so
far on charge transfer using an electronically excited tar-
get. Kushawaha [3] neutralized a beam of H+ by direct-
ing it into a sodium cell. Through a side window of the
cell, Lyman-a radiation emitted by excited hydrogen
atoms was observed and used as a measure for the
charge-transfer cross section of the reaction
H++Na~H +Na+. When the sodium atoms were ex-
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cited to the 3p state using a dye laser collinear with the
ion beam, an enhancement of the Lyman-e radiation of
up to 90% was observed. The relative cross sections with
and without excitation of the sodium atoms, o. and o.,
(i.e., the valence electron being in the 3p state or in the
ground state) was measured as a function of the H+ ve-
locity and found to be in qualitative agreement with the
theory of Rapp and Francis. In a similar experiment,
Finck et al. [4] crossed a beam of H+ that was accelerat-
ed to energies between 0.5 and 10 keV with a thermal Na
beam. They obtained quantitative agreement with theory
for the cross-section ratio o /0. , In that experiment,
the orbital alignment of the alkali-atom target was con-
trolled by the use of polarized light to excite the Na
atoms. A number of similar experiments have been per-
formed, e.g., Royer et al. [10] took advantage of the
time-of-Bight (TOF) method to analyze with high pre-
cision the translational energy of neutralized H atoms
produced in the reaction H++Na~H*+Na+, which al-
lowed them to identify all of the outgoing channels of this
reaction.

Very recently, He + was used as a projectile by
different experimenters using oriented alkali-atom tar-
gets: Gieler et al. [11] investigated the charge
transfer during the reaction He ++Na(3s, 3p)
~He+(n =2, 3,4, 5)+Na+. They, too, analyzed the
translational energy of He+ after the charge transfer took
place. In Ref. [12], experiments are reported where, be-
sides Na, Li was used as a target. The results have been

compared with a 64-state atomic-orbital close-coupling
calculation which could reproduce the experimentally ob-
served dependence on the Na* and Li' orientation. The
experiments of Schlatmann et al. [13] also showed a
strong dependence of the transfer cross section on the
alignment of the target. In particular, they could estab-
lish a correlation between the charge-transfer cross sec-
tion and the relative velocity of the projectile and the
electron in the target atom. This was also shown by
Houver et al. [14] for the target electron in circular
states excited by circularly polarized light: a strong left-
right asymmetry has been observed for the scattered H
atoms when the velocity of the projectile matched the
classical velocity of the orbiting target electron.

So far, charge transfer from an electronically excited
target to molecules seem to have been studied very rarely.
Banares et al. [15,16] began to study the charge-transfer
reaction Na(3P&/p 3/2)+I2 —+Na +I@ by crossing a
beam of dye laser excited Na with a supersonic I2 beam.
Measuring the yield of I2 ions made it possible to deter-
mine the electron affinity of I2 as well as the threshold en-

ergy for this reaction for both spin orbit states of Na.
Salgado et al. [18] used H2+ as a projectile and Na as a
target, which they aligned making use of polarized laser
light. They studied the charge transfer to different H2
states by measuring the translational energy of H2 mole-
cules applying a TOF method, similar to the experiment
on H+ mentioned before [14].

In the work presented here, a beam of ArH+, ArD+,
or D3+ accelerated to an energy of 15 keV was crossed
with a cesium atomic beam, and part of the Cs atoms

were excited by the linearly polarized light of two single-
mode, 852-nm diode lasers. Having passed the Cs cell, a
neutral molecular beam of excited ArH, ArD, or D3
emerged which emitted characteristic rovibronic band
spectra, since the electron was transferred into excited or-
bitals that then decayed to lower-lying states. ArH, ArD,
and D3 are excimer molecules of the Rydberg type whose
structure can roughly be described by a simple model
where a valence electron is orbiting around a molecular
ionic core. The energy gap hE between the ionization
energies of Cs and the neutralized molecules was de-
creased by the energy of one ir photon (1.45 eV) when the
Cs atoms were excited.

By excitation of the Cs atomic target, an increase in
emission intensity by a factor of greater than 10 could be
achieved in the case of the E H~ A X+ band of ArD.
The intensity of the corresponding band of ArH became
strong enough to emerge from the noise only after excita-
tion of the Cs atoms. Thus, the application of this tech-
nique decidedly improved the signal-to-noise ratio of the
recorded spectra and, in the case of ArH, made it possi-
ble to measure a complete band of this molecule using a
molecular-beam technique.

Similar experiments were performed using D3+ as a
projectile, and the uv spectra of D3 were investigated
with and without excitation of the Cs target. An increase
of the intensity by a factor of 2.0 was observed in this
case.

In the experiments reported here, the molecules serv-
ing as projectiles were not oriented prior to the charge
transfer, which however, should be possible since, e.g. ,
ArH and ArD possess a permanent electric-dipole mo-
ment. So far, to our knowledge, no experiment with
oriented target and oriented projectile molecules has been

performed.
In addition to reporting experimental results on the

charge transfer between different molecular ions and Cs
atoms in Sec. II, the dependence of the transfer cross
section on hE will be compared with computational re-
sults obtained by following the theoretical treatment of
Rapp and Francis [6], which will be briefly outlined in
Sec. III.

II. EXPERIMENT

A. Experimental setup

A schematic drawing of the experimental setup is
shown in Fig. 1. The main components, with the excep-
tion of the diode laser setup have been described before
[17]. Therefore, only a summary will be given here: posi-
tive molecular ions were formed in a duoplasrnatron
where a dc discharge was run through a gaseous mixture
of the constituents (i.e., Ar and H2 or D2) of the mole-
cules to be investigated. An ion beam was extracted from
this source, accelerated to 15 keV, and then collirnated
with the help of an Einzel lens, and mass selected in a
sector magnetic 6eld. The ion current was typically 40
pA of D3+ and 20 pA of ArH+ and ArD+. After having
traversed a second ion lens system, which served to colli-
rnate the ion beam, it crossed a thermal cesium atomic
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FIG. 1. Schematic overview over the experimental setup: a
fast beam (15 keV) of molecular ions is neutralized in laser-
excited alkali-atom vapor. The luminescence of the neutral
molecules is monitored by means of photon counting. LN2
denotes liquid nitrogen.
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beam emerging from an oven that was temperature stabi-
lized to maintain a temperature of typically 200'C. Here,
about 50%%uo of the molecular ions were neutralized. The
remaining ion current was measured employing a Fara-
day cup and a pA meter. The photons emitted by the
well collimated, mono-energetic (15 keV) beam of neutral
excimer molecules were collected by a system of broad-
band mirrors which focused the light onto the entrance
slit of a 1.5-m monochromator made by Yobin-Ivon.
Laser-induced fluorescence at the excitation wavelength
of Cs was prevented from entering the monochromator
by an appropriate interference filter. The signal of a
Burle C31034 photomultiplier tube that detected the pho-
tons at the exit slit of the monochromator was sent to a
photon counter and then to a personal computer. The
computer controlled the movement of the grating and
thus the wavelength transmitted by the monochromator
as well as the position of the Cs oven (i.e., the charge-
transfer zone) relative to the point where the light emit-
ted from the molecular beam was collected. This allowed
us to determine lifetimes of the emitting neutralized
species by measuring the decay of the fluorescence along
the molecular beam [17].

Two multiquantum well laser diodes of the type LT50-
A-3U made by STC Optical devices were used for the ex-
citation of the Cs atomic beam. The setup is shown in
Fig. 2. The heat sink of the diode laser was temperature
stabilized keeping fluctuations below 1 mK. A glass plate
was mounted a few tenths of a millimeter away from the
beam exit of the diode. Varying the distance between the
plate and the diode with the help of a piezo crystal made
the laser hop through di6'erent longitudinal modes there-
by allowing coarse tuning, that could be controlled by
directing the laser light to a wave meter or through a Cs
cell. Fine tuning and scans around the Cs resonances
were achieved by variation of the diode current. The
laser wavelength was locked to a temperature stabilized
confocal interferometer. Thus, changing the resonance

charge
exchange

zone

FIG. 2. (a) Setup of the diode lasers. (b) Vertical cut through
the head of the Cs oven. The region where the molecular beam
(intersecting the laser beam at an angle of approximately 45')
passes through the alkali vapor is indicated by a circle (charge-
transfer zone).

wavelength of the interferometer allowed fine tuning of
the laser. This was accomplished by making use of a
piezo-electric crystal to move one of the end mirrors.
The output power of the diodes running at wavelengths
(around 852.3 nm) suitable to excite the F =3 and F =4
hyperfine levels of the 6s S,/2 ground state to the
I' =2,3,4, 5 hyperfine levels of the 6p P3/2 state was ap-
proximately 40 rnW and the spectral width (full width at
half maximum) about 14 MHz. Single hyperfine levels of
the excited P3/2 state could not be resolved due to
Doppler broadening, which amounts to 470 MHz at
190 C. The laser beams were focused to a spot of ap-
proximately 80 pm in diameter resulting in a peak inten-
sity of several hundred W/cm . The Cs beam (density
about 10' cm ) emerging from the oven was much
larger in diameter [approximately 3 mm, compare Fig.
2(b)] and only a small fraction of the Cs atoms were excit-
ed directly by the unshifted laser light. Since the intensi-
ty in the laser beam was far beyond what was necessary
to saturate the atomic transition, the light intensity de-
cayed linearly instead of exponentially when traveling
through the Cs beam. Cs atoms not directly exposed to
the laser beam could be excited by Doppler shifted light
(diffusing through the Cs beam) whose intensity amounts
to a few W/cm and, therefore, is still orders of magni-
tude larger than the saturation intensity of the Cs transi-
tion in question. This made it possible to excite not just a
small velocity class (corresponding to the relatively nar-
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row bandwidth of the lasers) out of a broad Doppler
pro61e. Atoms at the edges of the Cs beam, however,
possibly did not experience an intensity high enough to
drive them into saturation.

Finck et al. [4] employed a laser intensity of 30
mW/cm to drive the 3s S&&2 —+3p P3/2 transition in
sodium and arrived at a fractional number a of excited
atoms between 0.13 and 0.18. For the reasons mentioned
before, the fraction of excited Cs atoms interacting with
molecular ions is quite large and a reasonable estimate is
a=0.35 for the experiments reported here.

Two lasers were used to excite both the F =3 and the
F =4 hyper6ne structure component of the ground state
to avoid optical pumping between these levels. However,
it turned out that effects of optical pumping did not play
an important role: using two lasers (one each for the
F =3 and F =4 levels) resulted in an increase of the gain
of the measured signal from the E II level of ArD (see
below) of only 30% as compared to making use of just
one of the two lasers. This indicates that the hyperfine
levels were probably mixed by collisional processes. The
fact that the increase in intensity of the luminescence
from ArD was much smaller than expected when dou-
bling the laser intensity, shows that the Cs vapor near the
charge-exchange zone was not far from saturation
(cr =0.5).

B. Experimental results

In order to determine the change in the cross section
for charge transfer to a given molecular electronic state
when the electron donor Cs was excited, the monochro-
mator was set to a wavelength corresponding to the tran-
sition from the molecular level in question to some lower
state. When investigating D3 it was set to transmit light
of 312 nm originating from the transition 3s, 3d ~2p E'
which gives rise to a continuous, bimodal uv spectrum
with one maximum located around 312 nm and the other
around 235 nm [21]. The count rate due to the lumines-
cent light at 312 nm was measured when the diode lasers
were tuned and focused such that the maximum possible
count rate was detected. Then the lasers were blocked
and the count rate was measured again; Anally the num-
ber of background counts per second was determined
when both the lasers, and the ion beam were blocked.
This "manual" boxcar technique furnished the data
displayed in Fig. 3(a) from which the enhancement factor
P; of the charge-transfer cross section could be extracted
(i stands for a particular molecular electronic state). A
factor P„~=2.0 was reached for the n =3 levels of D3
which mainly contribute to the emission around 312 nm.
This result is consistent with the outcome of Fukuda's
work who also arrived at an enhancement factor of 2 by
employing a ring dye laser with 100-mW output power
[22,23]. In this case, bands in the visible originating from
the n =3 levels were investigated.

In the electron transfer process no stable (against
predissociation) electronic states other than E II and
B II of ArH and ArD seem to be populated, since the
bands due to the transitions E II~2 X+,
E II~X X+, and 8 H~X X+ are the ones that have
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been detected. Figure 3(b) shows the efFect of laser exci-
tation when monitoring the B II~X X+ transition at
312 nm in ArD. In this case, an enhancement factor of
4.9 was obtained. The signal from the Q branch of the
E II —+ A X+ transition in ArD is amplified by a factor
of 10 as can be seen in Fig. 3(c). This, to our knowledge,
is the largest enhancement factor attained so far by laser
excitation of the electron donor in a charge-transfer pro-
cess.

These experimental results are summarized and com-
pared with theoretical predictions (which were reached
by applying the treatment outlined in the following sec-
tion) in Fig. 4. The theory of Rapp and Francis [6]
tailored to our experimental situation predicts an
enhancement factor of 1.0 and 1.1 for charge transfer to
the 3d and 3s levels, the main emitters of the uv radiation
[21] of D3 when Cs is excited to the 6p P3&2 level. This
has to be compared with the measured factor of 2.0. In
the case of ArD (or ArH) the charge transfer to the 8 II
state and, therefore, the intensity of the measured
luminescence in the uv should increase by a factor 3.7 ac-
cording to theory, which agrees fairly well with the mea-
sured value of 4.9. Calculations yield a factor of 17 for

time

FIG. 3. Measurement of the enhancement of the charge-
transfer cross section to the (a) n =3 levels of D3, (b) B II state
of ArD; (c) E H state of ArD.
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FIG. 4. Term diagram of relevant electronic states of the
molecules under study and the charge-transfer partner Cs. The
number above each molecular level is the calculated factor by
which the charge transfer from Cs to the corresponding molecu-
lar ion is enhanced when a fraction +=0.35 of the Cs atoms is
excited to the 6p P3/2 level. The arrows pointing downward in-

di.cate the investigated transitions and the numbers next to them
are the experimentally observed enhancement factors for the
upper level.
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the raise in population of the E H state of ArD. The
value observed in the experiment was 10.3 in this case.
Considering the approximations of the theoretical ap-
proach used here, the agreement of experiment and
theory is fair.

In addition to the measurement of the enhancement
factors, the complete bands of ArD and ArH around 767
nm (E II~A X+ transition: Johns' band) were record-
ed with excitation of the charge-transfer medium. The
results are shown in Fig. 5 and Fig. 6. These bands were
first observed by Johns in a rf discharge [24] and later in
a Cossart-type plasma beam tube [25] where also laser
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50
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FIG. 5. Spectrum of ArD around 767 nm (Johns' band) ob-
tained with diode laser excitation of the charge-transfer medium
cesium. The gain in intensity of the molecular lines was a factor
of 10 [measured using the Q branch, see Fig. 3(c)] when Cs was
excited to the 6p P3/2 level. Many of the lines of the P and R
branch of the U" =U'=0 transition and all the visible lines of the
U" =U'= 1 transition emerged from the "noise" only after exci-
tation of the electron donor Cs.

FIG. 6. Spectrum of ArH around 768 nm (Johns' band): (a)
Cs in its ground state was used as a charge-transfer partner.
Only the Q branch of the u"=u'=0 band could be identified.
(b) The Cs atoms were excited by diode lasers while this spec-
trum was recorded. The R and P branch of this band can now
clearly be identified.

spectroscopy on these Rydberg molecules became feasible
[26]. Lifetimes of individual rotational levels of the emit-
ting state of this band (E II) have been measured by
Wunderlich et al. [17] who also recorded the band of
ArD around 767 nm that could be investigated employ-
ing the technique described above that does not rely on
spectroscopy of a gas discharge. By excitation of the
charge-transfer rnediurn, the signal-to-noise ratio of these
spectra was improved considerably and many lines not
observed before with a molecular-beam method emerged
from the noise (e.g. , all the lines of the u"= l~u'=1
band of ArD). This is particularly striking in the case of
the ArH band displayed in Figs. 6(a) and 6(b) where the P
branch and R branch become visible only after excitation
of the electron donor Cs.

III. CALCULATIONS AND DISCUSSION

In our calculation of the charge-transfer cross section,
we followed closely the theoretical treatment of Rapp
and Francis [6] and, therefore, only a brief outline of this
theory will be given below. This relatively simple
quantum-mechanical approach allows one to calculate
the cross section for charge transfer as a function of the
relative velocity U of both charge-transfer partners and of
the ionization potentials I of the atoms (or molecules) in-
volved.
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is approximated by a linear combination of P ~ and Ps:

P=cz (t)/&exp( i—co& t)+cz(t)/&exp( —icost),

where PJ.(rj) stands for an atomic wave function of the
form

r
P (r )=%exp —y

ao
jc [ A, BI,

describing the electron in a 1s-like orbital bound by a po-
tential V. either to the ionic core A+ with ionization en-

ergy I~ or to B+ with ionization energy I~
[yj = (IJ /13—.6 eV), '

r~ represents the distance between
the electron and the respective positive core, X is a nor-
malization constant, and coj =Ij/R]. In—serting this linear
combination f into the time-dependent Schrodinger
equation leads to two coupled difFerential equations for
the coeKcients cz(t) and c~(t),

ic~ =Ic,exp(icot )c„+g, c~,
ic~ =rt2c„+~2exp( icot )c~—,

(2)

with co=co& —cuz (see also the appendix). Initially, the
electron is bound to the target atomic core A + and the
initial conditions cz( —~)=1 and cs( —ae)=0 hold.
The probability P(b, u) (b is the impact parameter) for
finding the electron bound to B + after the interaction be-
tween the charge-transfer partners, is then given by
~c~(ao )~ and has been obtained from Eqs. (2) by numeri-
cal integration. In this work, no further approximations
were used when solving Eqs. (2) for c„and c~. The cross
section for charge transfer, o. can then be calculated by
integrating P(b, u)2mb over b All c. omputations were
performed on a personal computer (486 CPU).

The goal of the experiments reported here was to in-
crease the population of particular molecular states by
exciting the target Cs atoms from the 6s S&&2 to the
6p P3&2 state. Numerical results obtained from the com-

The wave function g of the electron during the non-
resonant reaction

( A++e )+B 3 ++(B++e )

putational approach outlined above will be presented in
what follows.

In Table I, the cross sections computed for the case of
charge transfer between Cs and ArD+ (accelerated to a
velocity u that corresponds to an energy of 15 keV) for all
known electronic states [19] are listed. Two values are
given for each molecular electronic state: in the last
column the cross sections o.6z, for charge transfer from
ground state Cs (6s S&&z) atoms are tabulated, and the
column before lists the cross sections cr6~, involving ex-
cited Cs (6p P3/2).

With a representing the probability for finding an ex-
cited Cs atom in the alkali-atom vapor, the average
charge-transfer cross section o.; to molecular state i can
be expressed as

cr;(a) =di [ao 6p i+(1 a)cr6s, ~

where d; stands for the degree of degeneracy of molecular
state i. The probability 8'; for populating molecular
state i during the charge-transfer reaction is then given
by 8';(a) =o, /X o, where the summation has to be car-
ried out over all molecular electronic states j. When ex-
citing the Cs atoms, charge transfer to the molecular
states under study is enhanced by a factor /3; which can
be expressed as P; = 8;(a)/W, (a =0). Making use of the
computational results compiled in Table I, the enhance-
ment factors P; for individual electronic states of ArD
have been computed for various values of a and are listed
in Table II.

The cross sections and expected enhancement factors
relevant for some electronic states of D3 are listed in
Table IH. At a higher relative velocity, a larger gap be-
tween the ionization energies of the charge-transfer
partners is permissible according to the Massey criterion
[Eq. (1)j. The charge transfer from ground-state Cs
atoms to molecular states of l33 is, therefore, already
quite eKcient at the much higher velocity of the D3+
beam (as compared to the ArD+ beam; both were ac-
celerated to 15 keV, and the excitation of Cs leads to only
a small increase in the charge-transfer cross section.
Thus the weaker dependence of the enhancement factors

TABLE I. Calculated cross sections for charge transfer from ground state (6s S&&2, last column) and
from excited (6p P3/p fourth column) Cs atoms to the lowest-lying electronic states i of ArD+. d;
represents the degree of degeneracy of electronic state i; I; is the ionization energy (data on the elec-
tronic structure of ArD is taken from Ref. [19]).

ArD state i

x'r+
w 'r+
8 II
c'x+
D 2g+

E II
16
I 'r+
6 II
6 2g+

6.41
3.15
2.50
2.48
1.58
1.53
1.41
1.35
1.19
1.17

o.6p; (units of ao)

0.012
81

400
400

33
26
14
9.8
3.9
3.5

cT6/7 (units of a o )

0.49
77

6.7
6.2
0.12
0.096
0.065
0.057
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TABLE II. Calculated factors of enhancement of the charge-transfer cross section for ArD when the
electron donor Cs is excited to the 6p P3/2 level. a represents the fractional number of excited Cs
atoms encountered by the molecular ions.

ArD state i

X 2X+

a 2r+
B II
C 2y+

D 2y+

E II
I '6
F 2X+

P;(a =0.02)

0.77
0.79
1.7
1.8
5.1

5
4.1

3.5

P;(a =0.10)

0.39
0.43
2.9
3.1

12
12
9.3
7.8

P;(a=0.20)

0.22
0.27
3.4
3.7

15
15
12
9.6

P;(a=0.35)

0.12
0.18
3.7
4.1

17
17
13
11

P;(a=0.50)

0.067
0.13
3.9
4.3

18
18
14
11

P; on a is comprehensible.
The theoretical treatment outlined above approximates

the real charge-transfer process by including into the
computations only one molecular electronic state at a
time. The charge-transfer cross sections have been com-
puted for those electronic states for which data from ab
initio calculations were available [19,20]. These encom-
pass all the relevant states that have been observed in the
experiment. Emission from higher-lying states was not
present in the experiments and neglecting these states in
the calculations is justified. Approximating the true wave
functions by simple 1s orbitals is adequate in this treat-
ment since the charge-transfer probability P(b, v) oscil-
lates rapidly as a function of b for small values of the im-
pact parameter b and is replaced by an average value
when evaluating the charge-transfer cross section by in-
tegrating P (b, v)2mb over b (for details see Ref. [6]). For
large impact parameter b (which means large r~ }, the ap-
proximately exponentially decaying behavior of any pos-
sible wave function dominates, and, therefore, the cou-
pling between the electronic states of the donor and ac-
ceptor is in good approximation independent of the par-
ticular behavior of the wave functions at small b (i.e.,
small rj ).

IV. CONCLUSION

The experimental technique relying on the neutraliza-
tion of a fast molecular ion beam has been appreciably

improved by exciting the charge donor and becomes ap-
plicable to species of molecules that could not be studied
before with this technique as was shown in the case of
ArH. The method has become much easier to apply
since laser diodes are inexpensive and readily available at
wavelengths suitable to excite, e.g. , the alkali metals cesi-
um and rubidium. Optical pumping of the electron
donor seems not to be critical when high atomic densities
are used, which means that only one laser tuned to any of
the hyperfine transitions gives sufhcient results.

Rb atoms can be highly excited in two steps with two
diode lasers working at about 780 and 784 nm. There-
fore, it might be feasible to populate molecular levels very
close to the ionization boundary by charge transfer. -

Not exploited so far in our experiment was the possibil-
ity to study alignment effects of the projectiles as well as
of the target, though the molecular ions that have been
investigated as well as the alkali-atom partner seem to be
suitable candidates for such an experiment.
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TABLE III. Calculated cross sections for charge transfer from ground state and excited Cs atoms to
D3+. The last three columns show enharicement factors of the charge-transfer cross section for D3 when
the electron donor Cs is excited to the 6p P3/2 level. Again, a represents the fractional number of ex-
cited Cs atoms encountered by the molecular ions.

D3 state i

—I; ~6P, i ~6S,i

(eV) d; (units of ao) (units of ao) p;(a=0. 10) p;(a=0. 35) p;(a=0. 50)

2p E'
2s A'

2p Az'

3p E'
3s Al
3p A2
3d E
3d E"
3d A

6.40 2
3.80 1

3.7 1

2.07 . 2
1.62 1

1.60 1

1.56 2
1.52 2
1.51 1

0.013
7.2

11
260

41
37
30
24
23

33
170
170
66
32
31
29
27
27

0.90
0.90
0.91
1.3
1.0
1.0
1.0
0.99
0.99

0.65
0.67
0.67
2.0
1.1
1.1
1.0
0.96
0.95

0.50
0.52
0.53
2.5
1.1
1.1
1.0
0.95
0.93
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APPENDIX

The coefftcients tc, 2 and g, 2 [Eq. (2)] read as follows:

B)BA ( B)AA VA AB F VA)BB

(1 F)fi— (1 F)fi—

( VA )BB F( VA )BA ( VB )AA F( VB ) AB

(1 —F )A (1 —F )A'

where ( V ),k stands for an integral of the form jg; Vjgk
with i,j,k H [A,B], and F= f—yAyB .The explicit ex-

pressions for the integrals (in atomic units, using

VJ
= —I/rJ ) depend on the separation R of the two ionic

cores 3 + and B+ and are given by

(VJ)jk =

8( YAYB) [(VAR 4YB YB~)YAe (YB& 4—YA Y—A&)YBe" ]

4(—YJYk)'"[(Yj'& 2Y—k Y—k&)e ' 2Y—ke
"

] k,
(Y, +Yk)'(Y, rt—, )'&

and

1+@,R
(V );;=——+

R e

For completeness, two results of our calculations con-
cerning resonant charge transfer (i.e., the charge-transfer
partners are a neutral atom A and the corresponding
singly charged positive ion 2+) should be mentioned
that slightly deviate from the results given in Refs. [6]
and [7]:

(i) The difference in energy 5E between the eigenstates
of the system A2+ for large internuclear separations R
(Eq. (8) in Ref. [6], Eq. (8) in Ref. [7]) is

I~ 7ao
b 3~2 1+ + ~ ~ ~ exp

AU 8yb ao
L

8 R R
5E =—I~ exp —y3 ao ao

where Y = (IA /13. 6 eV)', I„stands for the ionization

energy of atom A and ao is the Bohr radius.
(ii) The probability P(b, u) for charge transfer is ob-

tained by evaluating the expression sin ( I+"5E/
(2Au )dx ) (Eq. (3) in Ref. [6]) and the correct approxima-
tion for the integral is
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