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Influence of laser radiation on charge transfer in proton —alkali-metal-atom collisions
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The atomic-eigenfunction-expansion method is used to investigate the influence of laser radiation

on charge-transfer processes in proton —alkali-metal-atom collisions. The radiation is treated classi-

cally. The cross sections for charge transfer into the ground state of hydrogen in collisions between

a proton and any of the atoms sodium, potassium, rubidium, and cesium in the presence of radiation

of wavelengths varying between 3OOO and 6000 A are determined for incident-ion energy values of 1,

2, and 10 keV. Calculations are made for two different radiation intensities, 0.1 and 1 T%'/cm . It
is found that the effect of the radiation is to increase the charge-transfer cross section in some cases

and decrease the cross section in others.

i. INTRODUCTION

Charge-transfer or electron-capture processes which
occur during collisions between ions and atoms are known
to play important roles under a wide variety of physical
situations. Dalgarno' has explained how the considera-
tion of such processes helped in the interpretation of a
number of atmospheric and astrophysical data including
the distribution of ions and neutral atoms in the upper at-
mosphere and the intensities of spectral lines emitted by
planetary nebulas. Gilbody has emphasized that the pro-
duction and maintenance of a high-temperature plasma
necessary for realization of controlled thermonuclear ener-

gy through fusion depend significantly on several charge-
exchange processes occurring within the plasma. It has
been suggesteds that the charge-transfer mechanism may
provide ways of getting laser radiations in the extreme-
ultraviolet- or shorter-wavelength region. In view of the
fact that the magnitude of the cross section of an
electron-capture process is often crucial in determining its
relative importance in a practical situation, there has a-

risen a need for the study of factors which may infiuence
this magnitude. One such factor which has attracted can-
siderable recent attention is the presence af an intense
electromagnetic field due to radiation from a laser. Green
et al.s has already observed how an intense laser beam in-
duces charge transfer in collisions between ground-state
calcium ions and strontium atoms with the production of
calcium atoms and excited strontium ions.

Several theoretical works on radiation-assisted charge-
transfer collisions have also been done by different groups
of workers. We mention here some of the recent publica-
tions where references to earlier papers are given.
Symmetrical resonance charge-transfer processes such as
H++H(1s)~H(1s)+H+ and He+(1s)+He(1s )

~He( ls )+He+ in presence of laser field have been dealt
with by Mittleman and Ganguly et aL, respectively.
Errea et a/. have investigated the cases of accidental res-
onance charge exchange in a-hydrogen and Li +-H col-
lisions as modified by intense electromagnetic fields, em-

ploying a method developed earlier by Copeland and

Tang. s The a-hydrogen problem has been considered also

by Ho et al. who used a semiclassical coupled dressed
quasimolecular states approach. Very recently Hsu
et al. ' have studied the laser-assisted electron capture
process K+ +Na(3s)+ y~K(4s) +Na+.

The above works are all based on the method of expan-
sion in terms of quasimolecular states. We have recently
developed an alternative formalism" for investigating
charge transfer processes in ion-atom collisions in the
presence of intense radiation fields obtainable with lasers.
In this method we expand the total state in terms of the
products of the atomic eigenstates and the photon states.
The relative advantages and disadvantages and the regions
of validity of the atomic state and the molecular-state ap-
proach in ion-atom collisions are well known' 's and will
not be discussed here. %e only want to mention that the
atomic state expansion method becomes more suitable as
the collision velocity increases although, for very fast col-
lisions, methods that take proper account of the continu-
um are needed. Further, one can conveniently use the
available atomic wave functions. We applied" our for-
malism to calculate the ground-state electron-capture
cross sections in proton-helium collisions in the presence
of laser radiation of different wavelengths and intensities.
The cross sections for electron capture with no photon ex-
change and one-photon absorption were determined for
incident-ion energy values of several keV.

Although in the paper cited just now we described the
radiation by resorting to quantum electrodynamics and
using the creation and annihilation operators for photons,
the alternative description of the radiation as a classical
electromagnetic field is quite accurate for lasers. ' In the
present work, we use this alternative description and the
atomic state expansion method to investigate the infiuence
of laser radiation on charge transfer processes in collisions
between a proton and any of the alkali-metal atoms, sodi-
um, potassium, rubidium, and cesium. The model
valence-electron ground-state wave functions and the
core-electron potentials suggested by Hart and Good-
friend' have been employed in our calculations. These
wave functions and potentials were earlier utilized by
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Daniele et al. ' and Basu Choudhury and Sural' in their
works in high-energy proton —alkali-metal-atom charge
exchange (in the absence of radiation field) in the eikonal
and impulse approximations, respectively.

We present the theory of our method in Sec. II of the
paper. Section III contains the results for the laser modi-
fied cross sections for electron capture into the ground
state of hydrogen in proton —alkah-metal-atom collisions.
Atomic units will be used throughout except for cross sec-
tions which are expressed in units of mao.

u. THaORY

We shall describe the motion of the active electron
quantum mechanically and shall assume that the proton
and the alkali-metal core move along classical straight-
line trajectory with constant relative velocity. This last
assumption is quite valid in the keV energy range under
consideration. ' We denote the position vectors of the ac-
tive electron from the proton 8, the alkah-metal core A,
and from their center of mass by rs, rz, and r, respec-
tively. The Hamiltonian of the system interacting with a
single-mode laser field may be written as

H=H;+ V;+H'

=Hg+ Vg+H',

(2.1a)

(2.1b)

where H' represents the interaction between the electron
and the radiation. Treating the laser radiation classically
and making the usual dipole approximation, we have
H'=r ~in(cot), where Q is the ainplitude of the electric
field and co is the angular frequency of radiation. V; and

Vy are the respective interaction potentials in the initial
and final channels.

We now approximate the wave function of the total sys-
tem by

where ((iz and Pz are the wave functions of the ground
states of the alkali-metal and hydrogen atoms with e,„and
cH being the corresponding eigenenergies, and vz and vz
are the velocities of the alkali m-etal core and the proton
in the center of mass system. The coupled equations sa-
tisfied by a (t) and b(t) may be derived by using a varia-
tional principle, 's and are obtained as

0'(r, r) =a (t)Pz(r„)exp( i E„t——,'iu„t—+ivy r)

+b(t)PH(rz)exp( isH—t —,'ivzt +—ivy r), (2.2)
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FIG. 1. Cross sections for electron capture into the ground
state of hydrogen in proton-sodium collisions in presence of ra-
diation of intensity 0.1 T%/cm as functions of radiation wave-

length for incident-ion energies of 1, 2, and 10 keV.

FIG. 2. Cross sections for electron capture into the ground
state of hydrogen in proton-sodium collisions in presence of ra-
diation of intensity 1 T%/cm as functions of radiation wave-

length for incident-ion energies of 1, 2, and 10 keV.



INFLUENCE OF LASER RADIATION ON CHARGE TRANSFER. . .

i(l —Ifoi I }
da 1 01= ~oo+Doo —Tfoi ~io+Foi —i

d,
f—oiDoi

'(1—Ifoi I

2 db

1, .dfoi
+ +oi+Fio —

& +Doi —foi(+ii+Dii }
2 dt

r1, . dfoi—~io++oi —i +Doi —foi(Foo+Doo) a(t)
2

(2.3)

. dfoi+ +»+D» ——foi +oi+I io —i
2

foiD—oi (2.4)

In Eqs. (2.3} and (2.4), the overlap integrals and the in-
teraction integrais occurring from collision dynamics are
given by

(2.5b)

(2.5d)

Doo Eosin——(tot) f Pz(rz }r4P„(r„)dr,

Doi ——Eosin(cot) f P&(rz)rQPH(rs)exp( iet+iv—r)dr,

(2.6a)

(2.6b)

foi ——f P'„(r„)PH(rti )exp( —iet +i v r)dr, (2.5a)

Eoo= g rg V; g rq dr,

ro, =f y'. (r. )VgyH(r, )exp( i et+—iv r)dr, . (2,5c)

~io =f fH (rtt ) V~pg (rg )exp(iet —i v.r)dr,

Bran Bra (2.5e)

with e=ett —eq+ —,'(Uti —vz) and the relative velocity of
collision v= vq —vz.

The radiation-dependent coupling matrix elements are
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follows as a consequence of the coupled differential Eqs.
(2.3) and (2.4), and is a valuable check on the accuracy of
the solution. This constant has initially been taken to be

unity and whenever, in the course of the integration of the
differential equation, the left side of Eq. (2.7) has tended
to differ from unity by a preassigned small number, the

step size is reduced so that the condition of probability
conservation is satisfied to sufficient accuracy. We have
worked out the charge transfer probabilities at different
impact parameters (p) for each set of laser parameters and

D» ——Eosin(orat) f PH(rtt)r RPH(rs. )dr, (2.6c)

a'a +a 'bfoi +b'af oi +b*b =const, (2.7)

where 8 is the unit polarization vector. In our present
work we have taken the radiation to be linearly polarized
with 0 parallel to the direction of the relative velocity v.
As already mentioned in the Introduction, the wave func-
tion Pz and the potential between the alkali-metal core
and the electron are taken to be the same as the model
valence-electron wave function and the corresponding po-
tential given by Hart and Goodfriend. ' The required pa-
rameters for the alkali-metal elements —sodium, potassi-
um, rubidium, and cesium —can be found in their paper.
In view of the fact that our calculations are generally re-
stricted to the laboratory energy region of 1—10 keV, the
effect of the electron translational factors is not expected
to be high and is neglected. The coupled differential
equations (2.3) and (2.4) are then numerically integrated
arith proper initial conditions and the capture probabilities
determined using a method similar to that used in our
previous work. " In this method the Runge-Kutta in-
tegration technique is used with step size sufficiently
small to take care of the rapidly oscillating time-
dependent coefficients. It may be emphasized that the
probability conservation condition
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FIG. 3. Cross sections for electron capture into the ground
state of hydrogen in proton-potassium collisions in presence of
radiation of intensity 0.1 T%'/cm as functions of radiation
wavelength for incident-ion energies of 1, 2, and 10 keV.
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collision energy. The cross sections are finally evaluated

by the standard method of multiplying by 2' and in-
tegration over p.

It may be noted that in the approximate wave function
given by Eq. (2.2) we have not made explicit allowance for
any shifts and widths of the atomic levels induced by the
electromagnetic field. Mittleman' has estimated that a
laser intensity of about 10 TW/cm is required to pro-
duce an electric field of the same order as the average
field experienced by the electron in a hydrogen atom. For
the case of the alkali-metal atoms the required intensity
will be about one hundredth of the above-mentioned
~alue. For our problem of ground state charge transfer in
proton —alkali-metal-atom collisions in the keV region,
the field-induced shifts and widths of the atomic energy
levels are expected to become important when the laser in-
tensity values become greater than several TW/cm . An
approximate wave function based upon the expansion in
terms of field-free atomic states is thus adequate below
these intensities. For more intense laser beams, an expan-
sion using field-dressed states will be preferable.

12,0

III. RESULTS AND DISCUSSION

We have determined the cmss sections for electron cap-
ture into the ground state of hydrogen in proton —alkali-
metal-atom collisions in the presence of laser radiation
with wavelength varying between 3@M and 6000 A. AH
the calculations are done for two different values of laser
intensity, 0.1 and 1 TW/cm . We present in Figs. 1 and 2
our results at these two intensities for a sodium target and
incident-proton energy of 1, 2, and 10 keV. Figures 3—8
show the corresponding results for potassium, rubidium,
and cesium atoms as target. It is seen that a11 the cross-
section —wavelength curves at 1 keV exhibit characteristic
undulations of small amplitude, the amplitude being
greater for the higher-intensity value. At the higher ener-

gies of 2 and 10 keV for the incident proton, the charge
transfer cross sections, particularly for 1-TW/cm2 radia-
tion intensity, change with wavelength, though not in the
same typical manner as at 1 keV. These curves demon-
strate the nature of the effect of the laser radiation on the
charge exchange process. The collision dynamics is of
course the more important mechanism affecting the
charge transfer at these energies but the influence of the
radiation is quite perceptible. The frequency dependence
of the cross section comes through the dependence on co

of the matrix elements D~, Doi, and D» occurring in the
coupled differential equations (2.3) and (2.4), its nature
and magnitude being determined by the relative magni-
tudes of these matrix elements as compared to the other
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FIG. 4. Cross sections for electron capture into the ground
state of hydrogen in proton-potassium collisions in presence of
radiation of intensity 1 TVf/cm as functions of radiation wave-

length for incident-ion energies of 1, 2, and 10 keV.

FIG. 5. Cross sections for electron capture into the ground
state of hydrogen in proton-rubidium collisions in presence of
radiation of intensity 0.1 TW/em as functions of radiation
wavelength for incident-ion energies of 1, 2, and 10 keV.
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out that in the present work we have found that for all the
alkali-metal elements concerned, depending upon the in-
cident proton energy and the radiation wavelength used,
the presence of laser increases the charge transfer cross
section in some situations and diminishes it in others.
This can be compared to what was found by Copeland
and Tang for H+-Na and H+-Cs collisions at consider-
ably lower values of impact energy, where the electromag-
netic field enhanced the electron capture cross sections. It
would have been instructive to compare the cross sections
for laser-assisted charge transfer for the proton —alkali-
metal-atom case with those for other systems in the same
energy region. A direct comparison with the findings of
our earlier work" for proton-helium collisions is not pos-
sible as in that work we treated the radiation as an assem-
bly of photons and determined only the cross sections for
ground-state charge transfer with no photon exchange and

one photon absorption. However, assuming that the cross
sections for other types of photon exchanges are small, we
notice that significant effect of the laser radiation is ob-
tained in the proton-helium case at intensity values larger
than those required for the proton —alkali-metal-atom col-
lisions.

Our present results clearly show the type of the influ-
ence of a strong laser field on an asymmetric charge
transfer phenomenon like that occurring in a collision be-
tween a proton and an alkali-metal atom. The effect of
the variation of the wavelength and the intensity of the ra-
diation can, by our method, be conveniently studied for
different collision energies in the keV range. The method
can be easily applied to other ion-atom collisions in pres-
ence of radiation. The accuracies of the results can be
systematically improved by the inclusion of more states
and the use of better wave functions.
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