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Laser-modified charge-transfer processes in proton collisions with lithium atoms

M. S. Pindzola
Department of Physics, Auburn University, Auburn, Alabama 36849, USA

T. Minami and D. R. Schultz
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Received 9 April 2003; published 11 July 2003

A time-dependent semiclassical lattice solution of the Sdinger equation is used to calculate charge-
transfer processes in proton collisions with lithium atoms. State-selective cross sections are obtained at 5-15
keV incident energy for laser excitecp@ states aligned parallel ang2- states aligned perpendicular to the
ion beam. State-selective cross sections are also obtained at 5 ke\6’®s @round states in which the
polarization of a moderately intense pulsed laser is aligned parallel and perpendicular to the ion beam. The
addition of a pulsed laser is found to have a strong effect on the charge-transfer cross sections=t8 the
excited states of hydrogen.
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I. INTRODUCTION ence of a bare iod projectile:
The addition of a laser beam to an experiment involving oW (r,t) 1
— =

) Z
- EV - F+Vcore(R(t))

crossed ion and atom beams holds the promise of finding
means to control the strength of excitation and charge-
transfer processes. Already lasers have been used in proton .
and a- particle collisions with sodium atoms to resonantly +Viasedr,t)
populate excited stat¢&]. The resulting charge-transfer pro-

cesses are now from excited states that are aligned parallel or ) ) i . o
perpendicular to the ion beam. Recent theoretical arg ~ Where for straight-line trajectorigén they direction
has suggested that if laser and ion beams can simultaneously

ot

W(r,t), (1)

interact with a target atom, then it may be possible to obtain R(t)=J(x—b)?+[y—(y;+vt)]*+ 2, ()
a wide range of strengths for selected excitation and charge-
transfer processes. b is the impact parametey; is the starting position for the

In this paper we solve the time-dependent Sdhmger  target, and is the relative velocity. The laser field potential
equation on a three-dlmenspnal Cartesian lattice to _calculgﬁglaser(;,t) is given by
charge-transfer processes in proton-lithium collisions, in
which a laser resonantly populates th&?dp excited state N -
and in which a laser simultaneously excites the?Zk Vigsed I, 1) =E(t) f(r)cog wt), )
ground state. Previously, the time-dependent semiclassical _ )
lattice method has been used to examine various inelastigvhere E(t) =Eq[sin(wt/2)]° for 0<t<t; andt;<t<tpyse,
scattering processes in antiproton-hydrogen collisfdnss],  E(t) =E, for all other timesE, is the electric-field ampli-
antiproton-helium collision$7], proton-hydrogen collisions tude, andw is the radiation field frequency. Thug,is the
[8-13], and a-particle collisions with hydrogefl4]. Re- initial ramp-on time; is the final ramp-off time, ant;;se
cently we have applied the same computational method t@s the total pulse time of the electromagnetic field. For light
examgetetxcn?tll_?r? r?[nld5] cha(ljrg[e transfer fror_? chEZfZB polarization perpendicular to the ion beafifr)=x; while
groung, state of Hthiu and 1o examine excitation wom ¢, light polarization parallel to the ion bearf(r)=y. We

the 1s?2p excited state of lithiunj16]. This paper’s charge- . Lo :
transfer cross-section results from the resonantly populatedete that the collision Hamiltonian has reflection symmetry
th respect to the=0 plane.

1s°2p excited state are in support of planned experimentsV! A X o
We hope the charge-transfer cross-section results for the si- 1he 1s° core potentialVeqe(r) for lithium was con-
multaneous laser interaction with the?2s ground state will ~ Structed previously as a pseudopotential in order to eliminate
stimulate future experimental design. In Sec. Il we give arfhe inner node of the 2valence orbita[15]. This prevents
outline of the theoretical methods, charge-transfer crossthe unphysical 8— 1s transition in the time evolution of the

section results are presented in Sec. Ill, and a brief summar§chralinger equation. The full three-dimensional stationary
is given in Sec. |IV. Atomic units are used throughout thestates for the lithium atom are found by relaxation of the

paper, unless otherwise stated. time-dependent Schdinger equation in imaginary timer(
=it):
Il. THEORY
A >
For charge-transfer processes in a laser field, we solve the  _ I il 7) | _ EV2+V (r) |2 (r,7), (4
time-dependent Schdinger equation in the frame of refer- ar 2 core nimat 20
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1 FIG. 1. Time evolution of the
electron probability density in the
z=0 scattering plane for a proton-

e 0 4 = o0 r . Li(2py) collision at an incident
energy of E=5 keV and an im-
pact parameter df=0. (a) t=0,

a9 b 4 a9 L 4 (b) t=192 (radial distances are
in atomic wunits; 1.0 a.u.
=5.29x10"° cm).
38 ‘ ‘ ‘ 38 ‘ ‘ ‘
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while the three-dimensional stationary states for the hydroin all cases, the sums oven are restricted to those final
genic ion are found by relaxation of states with the same~(1)' "™ reflection number as the initial
state, for example;-1 for the 2z state. We note that a
R straight-line trajectory for the incident proton has been found
¥ nim(r. 7). ) to be an excellent approximation for calculating collision
cross sections with hydrogen down to incident energies of
The relaxed spectrum for the atom and ion incorporates efl.0 keV[9], due, in part, to the small projectile-target inter-
fects due to finite grid spacing and size of the lattice. action times and the weighting of the collision probabilities
The charge-transfer probability for the transition in Egs.(8)—(11) by the impact parameter.
A(nglomg)—1(nIm) at a specific velocity and impact pa-
rameter is given by Ill. RESULTS

W) (1o, 2
ar - 2 r

. 2 Charge-transfer cross sections for collisions of protons
pn0|0moan|m(v,b)=U dr gin(NDW(r,t=T)| , (6)  with the 1s?2p excited states of Li are first calculated by
direct solution of Eq.(1) on a three-dimensional Cartesian

where lattice with the laser potential of Ed3) set to zero. We
employ a 19X400x 96 point lattice with a uniform grid
V(rt=0)=¢~, _(x—b,y—y,,z)e"Y (7)  spacing ofAx=Ay=Az=0.4. We present probability den-

’ NoloMg ' i

sity plots in thez=0 scattering plane in Fig. 1 for a proton
collision at 5 keV with the $°2py excited state of Li. In

and ¥(r,t=T) is the solution of Eq(1) at timet=T fol- : o ! =
lowing the collision. The total charge-transfer cross sectionFlg; 1(a) the 2py probability density for Li is found centered

for the 1s22s ground state of lithium is given by at r.Alz(O.O,— 40.0,0.0) as it begins a zero impact"pgrameter
collision. During the time propagation of the ScHimger

o equation, the center of the electronic wave function moves to
UZs—»nI(U):Z'Tr;, fo 92s0—-nm(v,0)bdb. (8  Jarger values ofy. In Fig. 1(b) the atom has passed by the
proton and is now located on the lattice af= (0.0,
The total charge-transfer cross section for tisé2p excited ~ +46.2,0.0). The probabilities for charge transfer to the ex-

state of lithium is given by cited states of hydrogen, centeredrat (0.0,0.0,0.0), are
. ) calculated at increments of a changeyiof 10.0. The prob-
T2p-nl(V) = 50 2p5n1(V) +502p7ni(V), (9 abilities begin to approach their asymptotic limits only when

the atom has moved to distances roughly twice the lattice
maximum ofy= +80.0. Spurious wave reflection at the lat-
" tice boundary is eliminated through the use of exponential
Uzpﬁm(v)ZZWE’ f ©2pynim(v,0)b db, (10 masking. The charge-transfer probabilities for they2ex-
m 0 cited state are obtained using Ef) and impact parameters
ranging from 0.0 to 20.0.

where the aligned parallel cross section is given by

and the aligned perpendicular cross section is given by Charge-transfer cross sections for the transitions
. Li(2po)—H(n) and Li(2p7)—H(n) with n=2 andn=3

B - ! B b)b db are presented in Fig. 2. In general, we find good agreement
72pmni(v) W;l fo P 2px n|m1(U ) between the time-dependent semiclassiCEDSE) lattice

B calculations and the time-dependent atomic-orbital close-
+7r2' f prZHnlmz(v’b)b db. (11) cquphng (TD-AOCC) calculations of Hanseast al. [17]. .In
m; Jo this energy range the more recent TD-AOCC calculations of
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_6 : 2.0 : : : TABLE I. Proton-impact charge-transfer cross sections for the
@ (a) 15| (b) 1s?2p excited state of Li for incident energies &=5—15 keV
c4f\ ® I (units of 10°% cn?).
5 10 |
Dol 1 Transition E=5keV E=10keV E=15keV
2 05 r
5 . | o o Li(2 po) —H(2s) 0.34 0.22 0.17
0 5 10 15 20 O 5 10 15 20 Li(2po)—H(2p) 3.90 1.53 0.55
10 : 4.0 : ; : Li(2po)—H(3s) 0.26 0.14 0.10
3 sl @10l u @ Li(2 pa) —H(3p) 0.68 0.34 0.17
% 6l ] Li(2 pa)—H(3d) 0.53 0.11 0.03
20
% “r \g ] Li(2 pm) —H(2s) 0.25 0.05 0.02
g 2| ]1or - 1 Li(2 pm)— H(2p) 2.91 0.53 0.11
° 0.0 : Li(2 p)—H(3s) 0.60 0.08 0.03
0 5 10 15 20 0 5 10 15 20 Li(2 pm) —H(3p) 1.65 0.38 0.08
Incident Energy (keV) Incident Energy (keV) Li(2 pm)— H(3d) 1.05 0.14 0.02

FIG. 2. Charge-transfer cross sections for proton collisions with
lithium in the 1s?2p excited state(a) Li(2po)—H(n=2), (b)
Li(2po)—H(n=3), (¢) Li(2p7)—H(n=2), (d) Li(2pm)—H(n also find that our Li(pm)—H(3) results are substantially
=3). Solid squares, TDSE calculations; solid line, spline fit to TD- below the TD-MOCC calculations of Salg$9].

AOCC calculationg17]; (1.0 Gb=1.0x10"1° cn¥). Charge-transfer cross sections for the transitions

Li(2po)—H(nl) and Li(2p7)—H(nl) with nl

Lundsgaarcet al. [18] are also in good agreement with the =2s,2p,3s,3p,3d are presented in Table | for incident en-
time-dependent lattice calculations and the original TD-ergies of 5, 10, and 15 keV. Moderate differences are found
AOCC calculations of Hansegt al.[17]. On the other hand, in the cross sections for Li{@m) states aligned parallel or
although we find our Li(pm)—H(2) results are in reason- perpendicular to the ion beam.

able agreement with the time-dependent molecular-orbital Charge-transfer cross sections for collisions of protons
close-coupling(TD-MOCC) calculations of Sala§l9], we  with the 1s?2s ground state of Li are then calculated by

@ ' (b)

19 - B 19

FIG. 3. Time evolution of the
electron probability density in the
z=0 scattering plane for a proton-
Li(2s) collision at an incident en-
ergy of E=5 keV and an impact
parameter ob=0. (a) t=0, (b)
t=192 for no laser field,(c) t
=192 for a laser field with light
polarization perpendicular to the
ion beam,(d) t=192 for a laser
field with light polarization paral-
lel to the ion beam(radial dis-
tances are in atomic units;
1.0 a.u=5.29x10"° cm).

19 B -19

19 -
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o.so TABLE Il. Proton-impact charge-transfer cross sections for the
oo | | 1s?2s ground state of Li in a laser field for an incident energy of
(a) E=5 keV (units of 10 %5 cn?).
g 0.30 4
2 . | =102 | =10
) 1=0 Wicn? Wicn?
o.10 Transition Wicn? f(N=x f(N=y
0-00,5 5.0 10.0 15.0 20.0 Li(2 S)—>H(2$) 1.96 1.27 1.28
impact Paramster .u) Li(2s)—H(2p) 3.03 3.00 3.54
0.50 Li(2s)—H(3s) 0.09 0.28 0.14
oo ) Li(2s)—H(3p) 0.23 0.82 0.76
(b) Li(2s)—H(3d) 0.13 0.96 1.68
- the 1s?2s and 1s?2p states of Li on the lattice. By tuning to
the 2s—2p resonance, we minimize phase difference effects
between the laser pulse and the ion bgainThe pulse time

20.0

" Impact Parameter (a.u.) ) touise= 3T Where T=27/w, while the turn-on timet;=T
and the turn-off timet;=2T. Thus, the laser-pulse time of

FIG. 4. Charge-transfer probabilities versus impact parameteg g fsec is approximately equal to the 5.4 fsec transit time
for a proton-Li(2s) collision at an incident energy &=5 keV. (@  4gg0ciated with the Li atom, at a relative energy of 5 keV,
Li(2s)—~H(2s), (b) Li(2s)—H(2p). Solid line, no laser; long- pn\ing fromy=—40.0 toy=+60.0 on the lattice. Finally,
ine, Taser with paralel polanzatonimpact parameiers. are i 16 PeaK intensity of the laser field is chosen to bé? 10

- . "9 W/cn?, yielding an electric-field amplitud&,=0.0053. If
atomic units; 1 a.u=5.29x10 ° cm). . . . A

the peak intensity is much higher, laser ionization of the

target Li atom reduces the probability of capture to the pro-
jectile.

We present probability density plots in the O scattering

lane in Fig. 3 for a proton collision at 5 keV with the®Rs

rSround state of Li. In Fig. @ the 2s probability density for
Li is found centered afAz(O.O,— 40.0,0.0) as it begins a
zero impact parameter collision. In the remaining frames of
(a) | Fig. 3 the atom has passed by the proton and is now located
] on the lattice afA=(0.O,+ 46.2,0.0). The probability den-
sity left behind at the center of the lattice is due to charge
=5 =0 transfer into bound excited states of hydrogen. In Fidp) 3
the laser potential is zero; in Fig(@ the laser potential is
nonzero witho=2.27 eV, | =10 W/cn?, and light polar-

direct solution of Eq.1) on a three-dimensional Cartesian
lattice with the laser potential of Eq3) set to a nonzero
value. The laser photon energy is chosen to be
=2.27 eV, corresponding to the energy difference betwee

RN e ization perpendicular to the ion beam; and in Fi¢d)3the
S SR (b) 1 laser potential is nonzero with the same laser frequency and
§ oo | \'K ] intensity, but with the light polarization parallel to the ion

] beam. In comparison with Fig(l8), we find electron density
S in Fig. 3(c) driven in thex direction perpendicular to the ion
%5 == 152 el =0 beam, while in Fig. &) we find electron density driven in
they direction parallel to the ion beam.

We present charge-transfer probabilities as a function of

the impact parameter in Figs. 4 and 5 and total charge-

e (© ] transfer cross sections in Table Il for proton-Lsj2colli-

g °er /S 7 ] sions with and without a pulsed laser field at an incident
oos 1 energy ofE=5 keV. The laser field is found to slightly re-
o.00, s — S S duce the Li(3)—H(2s) cross section by reducing the col-

' | tmeast Parameter (e ) lision probability at small impact parameters, increase
FIG. 5. Charge-transfer probabilities versus impact parameteplightly the Li(2s)—H(2p) cross section by shifting the col-
for a proton-Li() collision at an incident energy &=5 keV. (@  lision probability to larger impact parameters, and strongly

Li(2s)—H(3s), (b) Li(2s)—H(3p), (¢) Li(2s)—H(3d). Solid  increase the Li(8)—H(3l) cross sections by substantially
line, no laser; long-dashed line, laser with perpendicular polarizaincreasing the collision probabilities at all impact param-
tion; short-dashed line, laser with parallel polarizationpact pa-  eters. In particular, the charge-transfer cross section for the
rameters are in atomic units; 1 a5.29x10™° cm). Li(2s)—H(3d) transition is an order of magnitude larger
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than the zero-field result for laser light polarized parallel totransfer cross sections for laser exciteplo2states aligned
the ion beam. In general, the overall strength of the &j(2 parallel and p7 states aligned perpendicular to the ion
—H(3l) cross sections of 2.06 Gb for laser light polarizedbeam. Further, charge-transfer cross sections for d)i(2
perpendicular to the ion beam and of 2.58 Gb for laser light—H(nl) transitions in the simultaneous presence of a pulsed
polarized parallel to the ion beam lies between the field-fredaser field of moderate intensity are also obtained by direct
cross sections of 1.47 Gb for the Li§2)—H(3l) transi-  solution of the time-dependent ScHinger equation. The
tions and 3.30 Gb for the Li(2w) —H(3I) transitions, and presence of the radiation field is found to have a strong effect
much higher than the field-free Li€2—H(3l) cross sec- on charge-transfer cross sections for l§j2>H(3l) transi-
tions of 0.45 Gb. Thus, the two-step process of laser excitations. In conclusion, we hope this work will stimulate further
tion of the target followed by charge transfer to the proton isexperimental investigation of laser control of charge-transfer
more than likely to be a dominant quantum-mechanical pathprocesses in ion-atom collisions.
way.
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