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Excitation and charge transfer in proton-lithium collisions at 5–15 keV

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

~Received 5 April 1999!

Excitation and charge-transfer cross sections for collisions of protons with lithium are calculated by direct
solution of the time-dependent Schro¨dinger equation on a three-dimensional Cartesian lattice. For 5–15-keV
incident energies the 1s2 core of lithium may be treated effectively using a pseudopotential. For a proton
incident on lithium, projections of the time-evolved wave function onto the lattice states of lithium yield
excitation cross sections for the Li(2s)→Li(2 p,3l ) transitions. For lithium incident on a proton, projections of
the time-evolved wave function onto the lattice states of hydrogen yield charge-transfer cross sections for the
Li(2s)→H(2l ,3l ) transitions. The Li(2s)→Li(2 p) excitation and Li(2s)→H(2s,2p) charge-transfer cross
sections are found to be in good agreement with the crossed-beams experimental measurements of Aumayr
et al. @J. Phys. B17, 4185~1984!; 17, 4201~1984!; 18, 2493~1985!#. @S1050-2947~99!09211-2#

PACS number~s!: 34.50.Fa
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I. INTRODUCTION

Besides bulk heating, the injection of neutral beams
hydrogen and helium atoms into tokamak plasmas has se
as a valuable diagnostic of electron densities, impurity
temperatures, and electric and magnetic fields. Recently@1#,
fast neutral lithium atoms have been injected into tokam
to analyze important boundary-layer plasma parameters.
basic atomic processes in the beam-plasma interaction
clude ion-impact excitation and charge transfer with the n
tral lithium atom.

In this paper we calculate excitation and charge-tran
cross sections for collisions of protons with lithium by dire
solution of the time-dependent Schro¨dinger equation~TDSE!
on a three-dimensional Cartesian lattice. This powerful a
potentially very accurate numerical method was develope
number of years ago@2–5#, but only with the recent devel
opment of large distributed-memory parallel computers
application to atomic collision physics been made poss
@6–9#. For proton-impact energies below 20 keV, the infl
ence of the 1s2 core of lithium on excitation and charge
transfer processes is quite small. Thus, we construct a
pseudopotential and only track the time-dependent beha
of the 2s valence electron. For a given incident energy a
impact parameter, the time-evolved lattice wave funct
may be projected onto stationary states to yield a variety
inelastic probabilities. We compare the TDSE lattice resu
for Li(2s)→Li(2 p,3l ) excitation cross sections and Li(2s)
→H(2l ,3l ) charge-transfer cross sections with previo
basis-set close-coupling calculations@10–12# and the
crossed-beams experimental measurements of Aumayret al.
@13–15#. In Sec. II we give an outline of the computation
methods, cross-section results are presented in Sec. III, a
brief summary is given in Sec. IV.

II. THEORY

For excitation processes we solve the time-depend
Schrödinger equation for a bare ion~Z! projectile colliding
with an atomic target with one valence electron~in atomic
units!:
PRA 601050-2947/99/60~5!/3764~5!/$15.00
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]C~rW,t !

]t
5S 2

1

2
¹21Vcore~r !2

Z

R~ t ! DC~rW,t !, ~1!

where for straight-line trajectories,

R~ t !5A~x2b!21@y2~y01vt !#21z2, ~2!

b is the impact parameter,y0 is the starting position for the
projectile, and v is the projectile velocity. For charge
transfer processes we solve the time-dependent Schro¨dinger
equation for a monovalent atomic projectile colliding with
bare ion target:

i
]C~rW,t !

]t
5S 2

1

2
¹22

Z

r
1Vcore„R~ t !…DC~rW,t !. ~3!

The use of the target frame for excitation and the projec
frame for charge transfer allows for center-of-box projecti
for collision probabilities. The choice of anxy scattering
plane guarantees that the collision Hamiltonian has reflec
symmetry with respect to thez50 plane.

The core potential,Vcore(r ), is constructed using standar
procedures@16#. For example, the Li1 ground-state Hartree
Fock orbital P1s(r ) is used to construct the Hartree-Slat
potential

VHS~r !52E
0

`P1s
2 ~r 8!dr8

max~r ,r 8!
2aS 24r1s~r !

p D 1/3

, ~4!

wherea is a free parameter, andr(r )52P1s
2 (r )/4pr 2 is the

radial probability density. The radial Schro¨dinger equation

S 2
1

2

]2

]r 2 2
3

r
1VHS~r !2e2sD P2s~r !50, ~5!

is then solved for the Li ground-state orbitalP2s(r ), with a
being adjusted so thate2s agrees with the experimental en
ergy. The inner node of theP2s(r ) orbital is removed in a
3764 ©1999 The American Physical Society
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PRA 60 3765EXCITATION AND CHARGE TRANSFER IN PROTON- . . .
smooth manner to construct aP2̄s(r ) pseudo-orbital. The
core pseudopotential is obtained by inverting the rad
Schrödinger equation

S 2
1

2

]2

]r 21Vcore~r !2e2sD P2̄s~r !50. ~6!

The core pseudopotential is strongly repulsive for radial d
tances less than the inner node of the originalP2s(r ) orbital.

The stationary states for the monovalent atom are fo
by relaxation of the time-dependent Schro¨dinger equation in
imaginary time (t5 i t ):

2
]cnlm

A ~rW !

]t
5S 2

1

2
¹21Vcore~r ! Dcnlm

A ~rW !, ~7!

FIG. 1. Time evolution of the electron density in thez50 scat-
tering plane for a proton-lithium collision at 15 keV and zero im
pact parameter.~a! t50.0, proton aty5215.0; ~b! t546.0, proton
at y5120.8 ~radial distances are in atomic units, 1.0 a.u.55.29
31029 cm!.
l

-

d

while the stationary states for the hydrogenic ion are fou
by relaxation of

2
]cnlm

I ~rW !

]t
5S 2

1

2
¹22

Z

r Dcnlm
I ~rW !. ~8!

The relaxed spectrum for the atom and ion incorporates
fects due to finite grid spacing and size of the lattice. T
excitation probability for the transitionnlm→n8l 8m8 at a
specific energy and impact parameter is given by

`n8 l 8m8~v,b!5U E drWcn8 l 8m8
A* ~rW !C~rW,T!U2

, ~9!

where

C~rW,0!5cnlm
A ~x,y,z!, ~10!

andC(rW,T) is the solution of Eq.~1! at a timeT following
the collision. The charge-transfer probability for the tran
tion nln→n8l 8m8 at a specific energy and impact parame
is given by

`n8 l 8m8~v,b!5U E drWcn8 l 8m8
I* ~rW !C~rW,T!U2

, ~11!

where

C~rW,0!5cnlm
A ~x2b,y2y0 ,z!eivy, ~12!

TABLE I. Single-particle energies for the lattice stationa
states of lithium and hydrogen.

TDSE energy Experimental energy
State ~eV! ~eV!

Li(2s) 25.38 25.39
Li(2 p) 23.12 23.54
Li(3s) 22.01 22.02
Li(3 p) 21.41 21.56
Li(3d) 21.51 21.51

H(1s) 213.47 213.61
H(2s) 23.39 23.40
H(2p) 23.41 23.40
H(3s) 21.51 21.51
H(3p) 21.51 21.51
H(3d) 21.51 21.51

TABLE II. Li(2 s)→Li(2 p) excitation cross sections
(10215 cm2).

Final state Energy~keV! TDSE AOCC@12# Experiment@13#

Li(2 p) 5.0 2.28 3.89a 3.1960.32
10.0 3.47 4.28 3.8760.39
15.0 3.49 4.11 3.9760.40

aInterpolated between values at 4.0 and 6.0 keV.
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3766 PRA 60M. S. PINDZOLA
andC(rW,T) is the solution of Eq.~3! at a timeT following
the collision. The total cross section for either excitation
charge transfer is given by

sn8 l 8m8~v !52pE
0

`

`n8 l 8m8~v,b!b db. ~13!

Due to the reflection symmetry with respect to thez50
plane, we need only consider final states with the sa
(21)l 1m reflection number as the initial state~e.g., even
reflection number for the Li 2s state! @8#.

III. RESULTS

Excitation and charge-transfer cross sections for collisi
of protons with lithium are calculated by direct solution
Eqs.~1! and~3! on a three-dimensional Cartesian lattice. W
employ a 30033003150 point lattice with a uniform grid
spacing of Dx5Dy5Dz50.2, yielding a box size of
230.0→130.0,230.0→130.0,0.0→130.0. We note that
radial distances are in atomic units, 1.0 a.u.55.2931029

cm. The kinetic energy is represented by three-point cen

TABLE III. Li(2 s)→Li(3 l ) excitation cross section
(10216 cm2).

Final state Energy~keV! TDSE

Li(3s) 5.0 0.99
10.0 0.28
15.0 0.53

Li(3 p) 5.0 1.03
10.0 1.26
15.0 1.43

Li(3d) 5.0 2.49
10.0 4.89
15.0 4.21

FIG. 2. Excitation cross section for Li(2s)→Li(2 p) vs proton
impact energy (Gbarn51.0310215 cm2). Solid square, TDSE cal
culation; open circles, experiment@13#.
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differences in each spatial coordinate, while an expl
second-order difference algorithm is used to propagate
solution in time@17#. Spurious wave reflection at the lattic
boundary is eliminated through the use of exponential ma
ing.

Solving Eq.~1! we present probability density plots in th
z50 scattering plane as a function of time in Fig. 1 for
proton-lithium collision at 15 keV and zero impact param
eter. The initial position of the proton is atrW5(0.0,
215.0,0.0). For the time frame seen in Fig. 1~b! the proton
has moved torW5(0.0,120.8,0.0) with a sizable ‘‘capture’’
of probability density. Notice the effective suppression
wave reflection at the lattice boundary. Thus, only the tim
evolved wave function at the center of the box remains fa
ful, and only it can be safely projected onto centered stati
ary states of lithium for the extraction of excitatio
probabilities. Solving Eq.~3! the time evolution of the prob-
ability density for a lithium-proton collision at 15 keV an
zero impact parameter is the mirror image of Fig. 1, at le
away from the lattice boundary. Again only the time-evolv
wave function at the center of the box remains faithful, a
only it can be safely projected onto centered stationary st
of hydrogen for the extraction of charge-transfer probab
ties.

The relatively small size of the lattice means that only t
K-, L-, andM-shell stationary states of lithium and hydroge
are well represented. The lattice stationary states of lithi
and hydrogen are calculated using Eqs.~7! and~8!, and their

TABLE IV. Li(2 s)→H(2l ) charge-transfer cross section
(10215 cm2).

Final state Energy~keV! TDSE AOCC@10# Experiment@14,15#

H(2s) 5.0 1.71 1.51a 2.1060.71
10.0 0.59 0.63 0.8060.26
15.0 0.20 0.23 0.2760.11

H(2p) 5.0 3.15 2.56a 2.7960.89
10.0 0.98 1.07 1.1660.37
15.0 0.27 0.30 0.2560.10

aInterpolated between values at 4.0 and 6.0 keV.

FIG. 3. Charge-transfer cross section for Li(2s)→H(2s) vs
proton impact energy (Gbarn51.0310215 cm2). Solid square,
TDSE calculation; open circles, experiment@15#.
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single-particle energies are compared with experimental
ues@18# in Table I. The largest difference between theore
cal and experimental energies is for the Li(np) states. A core
pseudopotentialVcore(r ), requiring no explicitl dependence
which will yield both an accurate 2s ionization potential and
an accurate 2s→2p energy splitting, proved difficult to con
struct.

The excitation probabilities of Eq.~9! are calculated a
incident proton energies of 5, 10, and 15 keV and at imp
parameters ranging from 0.0 to 20.0. The general shape o
excitation probability as a function of impact parameter v
ies widely from one transition to the next. For example,
Li(2s)→Li(2 p) excitation probability atE55.0 keV has a
large almost symmetrical peak centered atb57.0, moving to
slightly lower impact parameters as the incident energy
increased. On the other hand, the Li(2s)→Li(3s) excitation
probability atE55.0 keV has a peak atb50.0 and a second
larger peak atb56.0. As the incident energy is increased t
zero impact parameter peak grows and the second pea
most vanishes byE515.0 keV. The charge-transfer prob
abilities of Eq.~11! are calculated at incident proton energi
of 5, 10, and 15 keV and at impact parameters ranging fr
0.0 to 14.0. The Li(2s)→H(2p) charge-transfer probability
at E55.0 keV has a large double humped central peak ab
55.0, which coalesces and then moves to smaller imp
parameters as the incident energy increases.

Excitation cross sections for the Li(2s)→Li(2 p) transi-
tion are presented in Table II and Fig. 2 at incident pro
energies of 5, 10, and 15 keV. The TDSE lattice results
recent atomic-orbital close-coupling~AOCC! calculations
@12# bracket the crossed-beams experimental measurem
of Aumayr et al. @13#. Additional excitation cross section
for the Li(2s)→Li(3 l ) transitions are presented in Table II
Charge-transfer cross sections for the Li(2s)→H(2l ) transi-
tions are presented in Table IV and Figs. 3 and 4 at incid
proton energies of 5, 10, and 15 KeV. The TDSE latt
results and the AOCC calculations of Fritsch and Lin@10#
are both within the absolute error bars of the crossed-be
experimental measurements of Aumayret al. @14,15#. Addi-
tional charge-transfer cross sections for the Li(2s)→H(3l )
transitions are presented in Table V; and are found to b

FIG. 4. Charge-transfer cross section for Li(2s)→H(2p) vs
proton impact energy (Gbarn51.0310215 cm2). Solid square,
TDSE calculation; open circles, experiment@14#.
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reasonable agreement with AOCC calculations@10# and ex-
perimental measurements@14#.

IV. SUMMARY

Inelastic cross sections for proton-lithium collisions a
calculated by direct solution of the time-dependent Sch¨-
dinger equation on a three-dimensional Cartesian lattice.
use of a large number of lattice points ensures a faith
representation of continuum processes, in general superi
most finite basis-set expansions. A pseudopotential is in
duced to represent the lithium atomic core. Thus, in pr
ciple, the TDSE lattice method may be applied to a bare
of arbitrary charge colliding with any monovalent atom.
practice, the use of a core pseudopotential restricts the a
cation of the method to an impact energy range in which
core electrons have negligible influence on inelastic p
cesses. For proton-lithium collisions, the TDSE lattice resu
in the intermediate energy range less than 20 keV, for b
the Li(2s)→Li(2 p) excitation and the Li(2s)→H(2l )
charge transfer, are in good agreement with previous ba
set close-coupling calculations and crossed-beams ex
mental measurements. In the future we plan to extend
TDSE lattice method to investigate ion-atom collisions
external fields, reduced symmetry problems being ideal fo
computational method already formulated in a full thre
dimensional space.
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TABLE V. Li(2 s)→H(3l ) charge-transfer cross section
(10216 cm2).

Final state Energy~keV! TDSE AOCC@10# Experiment@14#

H(3s) 5.0 1.61 1.00a 2.0361.02b

10.0 2.18 1.70 3.3561.68b

15.0 0.89 1.30 1.9961.00b

H(3p) 5.0 3.12 1.90a 3.0561.68c

10.0 2.23 1.80 2.5661.41c

15.0 0.88 1.40 1.3360.73c

H(3d) 5.0 2.13 1.80a 1.0160.51b

10.0 0.50 0.60 0.3760.19b

15.0 0.16 0.30 0.2860.14b

aInterpolated between values at 4.0 and 6.0 keV.
bHa emission.
cLb emission.
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