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Proton-impact excitation of laser-excited lithium atoms
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A time-dependent solution of the Schlinger equation on a three-dimensional lattice is used to calculate
proton-impact excitation cross sections for both the grours) @hd first excited (R) states of the neutral
lithium atom. Total cross sections for thes2 3l and 20— 3l excitations are compared with atomic-orbital
close-coupling calculations at incident energies of 15-50 keV. In support of future experiments involving
crossed ion, atom, and laser beams, total aligned cross sections fggdhe3 and 27— 3l excitations are
presented over the same energy range. The ratio of aligned cross sections for certain excitations and incident
energies is found to be almost a factor of 2.
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I. INTRODUCTION Il. THEORY

The scattering geometry for an ion-atom collision is given
Lithium beam spectroscopy has become a valuable diagn Fig. 1, where the ion beam is incident along thexis.
nostic tool for many controlled fusion experimeiitd. The  The time-dependent Schrodinger equation for a bargZpn
atomic database needed to model energetic lithium beaniojectile colliding with the valence electron of an atom is
probing fusion edge plasmas includes proton-impact excitadiven by
tion of the neutral lithium atom. Crossed-beam experimental
measurementf2] of the total cross section for thes2:2p .a\P(F,t) 1, -
excitation are in reasonably good agreement with time- I— = =3V " VeorelN) — RO w(r,t), (@
dependent atomic-orbital close-couplif®], time-dependent
Har.tre_e—FocI{4], and timg-dependent latti¢®] calculations  \yhere for straight line trajectories,
for incident proton energies from 2—20 keV. Total cross sec-
tions for the Z—nl(2<n<6) excitations calculated in the _ —7 — 7752
time-dependent atomic-orbital close-coupling method, when RIO=V(x=b)*+ly=(yi+vt)]+ 2" @
combined with cascade branching ratios, are also found to be . . : . -
in reasonable agreement with crossed-beam emission me%—'s. th(_e Impact parameteyﬁ- |s_the star.tlng position for the
surementg6). pro!eptlle, andu |s'the projectile yelocny. We notg that the
. . . . collision Hamiltonian has reflection symmetry with respect
Future experiments involving crossed ion, atom, and lase

) A5 thez=0 plane.
beams hold the promise for measurements of total excitation” - 12 ore potentialV,o(r) for lithium was con-

cross sections from the excited states of the neutral I'th'un%tructed previously as a pseudopotential in order to eliminate

atom. A tunable dye laser can prepare the lithium atoms ig,e inner node of thevalence orbita5]. This prevents the
specific excited states aligned parallel or perpendicular with

the proton beam. In this paper we calculate proton-impact .
excitation cross sections for both the ground)(@and first
excited () states of the neutral lithium atom. The total ' e

cross sections for thes2-3l and 20— 3l excitations are
calculated by direct solution of the time-dependent Schro
dinger equation(TDSE) on a three-dimensional Cartesian
lattice. This computationally intensive method has been re-
cently applied to calculate proton-impact excitation cross
sections for the neutral hydrogen atom over a wide energy
range[7,8]. We compare the Li(8 and Li(2p) excitation
cross sections with time-dependent atomic-orbital close-
coupling (AOCC) results[9] at incident-proton energies of
15-50 keV. We also present Lip2) and Li(2p#) aligned
excitation cross sections in support of future crossed ion,
atom, and laser beams experiments. In Sec. Il, we give an
account of the theoretical and computational methods,
proton-lithium excitation cross sections are presented in Sec. FIG. 1. Geometry for crossed ion, atom, and laser beams colli-
[, and a brief summary is given in Sec. IV. Atomic units are sion. o orbitals are aligned parallel with the ion beam, white
used throughout the paper, unless otherwise noted. orbitals are aligned perpendicular to the ion beam.

X ' atoms
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TABLE |. Summed excitation probabilities for the transitiopy2—nl at 15 keV and impact parameter
=5.0 (zWZpyﬂnlzzr’nWZpyﬂnlm)-

Lattice Vi Vi 2py—2s 2py—3s 2py—3p 2py—3d

30x30x30 (0.2) —15 +30 0.074 0.021 0.021 0.094

30x50x30 (0.2) —-25 +50 0.079 0.033 0.025 0.097

45X 75X 45 (0.3) —38 +75 0.084 0.035 0.027 0.088

45X 75X 45 (0.3) —38 +118 0.083 0.035 0.027 0.088

45X 75X 45 (0.3) —38 +274 0.083 0.035 0.028 0.087

48x80x48 (0.4) —-40 +116 0.082 0.034 0.027 0.087

48x80x48 (0.4) —40 +271 0.082 0.034 0.028 0.086
unphysical 32— 1s transition in the time evolution of the L[
Schrodinger equation. Matrix diagonalization of the Hamil- Tasi(v) =272, J'O 9 250—nim(v,b)bdb. (8)
tonian m

1 ° The total excitation cross section for the 2xcited state of
h(r)=—5 -2+ Veore(r), 3 Jithium is given by

on a radial mesh oAr=0.1, yields a set of radial orbitals 48 ' - ' - ' -

P.i(r) whose eigenenergies are in reasonably good agree-
ment with experimental removal energ[sge Table | of pre-
vious work[5]]. The use of a pseudopotential is probably the 2 | .
largest single source of uncertainty in the calculational
method. The full three-dimensional stationary states for the
lithium atom are then found by relaxation of the time-

dependent Schdinger equation in imaginary timer§&it) =T i
IWraim(T,7) .
- =V Voo D (1), (@) 2t ]
_ (a) _
where
-48 1 1 1
. Poi(r) N -80 -40 0 40 80
aim(r,7=0) = Yim(r). 6) y

r

We find that the energies of the fully relaxed stationary states
‘//nlm(F) differ from the original eigenenergies by less than -

1% for the range of grid spacings frodx=Ay=Az=0.1
to Ax=Ay=Az=0.4. r ]
The excitation probability for the transitiomglomg b |
—nlm at a specific velocity and impact parameter is given
by L _
S 2 W 0k i
Wnolomo—mlm(vab): J' drt//mm(r)‘lf(r,t:T) ) (6)
where 24 | 4
W (F,t=0)= iy sy (7) ) - (b) '
> -48 1 1 1
and W (r,t=T) is the solution of Eq.l) at a timet=T -80 -40 0 40 80
following the collision. The time-dependent behavior of the y
excitation probability will be examined in the Sec. Il when  FiG. 2. Time evolution of the electron probability density in the
we quantify the value of. z=0 scattering plane for a proton-Lif®) collision at 15 keV and
The total excitation cross section for the ground state  an impact parameter df=5. (a) t=0 and(b) t=120 (radial dis-
of lithium is given by tances are in atomic units, 1.0 &56.29x 10"° cm).
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0.10 - " - - TABLE Il. Proton-impact excitation cross sections for lithium
(a) (1075 cn?).
0.05 i
Transition E=15 keV E=30 keV E=50 keV
0.00
0.10 , . , : 2s—2p 3.19 3.21 2.66
£ () 2535 0.03 0.05 0.05
S 005t 1 25—3p 0.15 0.12 0.09
g L~ 2s3d 0.35 0.28 0.18
0.00 : - -
0.10 , " - . 2p—2s 1.08 1.06 0.88
] 2p—3s 1.45 1.12 0.81
0.05 1 2p—3p 0.70 0.43 0.28
0.00 , ) 2p—3d 3.10 3.11 2.56
0 10 20 30 40 50
Impact Parameter

chose the 48 80x48 (0.4) lattice in which the proton trav-
FIG. 3. Excitation probabilities versus impact parameter for ag|g fromy, = — 40 toy,= + 116, the latter being well beyond
proton-Li(2py) collision at 15 keV.(a) 2py— 3s transition, (b) the lattice boundary at 48.
2py—3p transition, and(c) 2py—3d transition (impact param- We present probability density plots in the=0 scattering
eters are in atomic units, 1.0 &6.29<10"~ cm). plane in Fig. 2 for a proton collision at 15 keV and an impact
parameter ofb=5 with a lithium atom in a Py excited
o) state. In Fig. 2a) the star is the initial position of the proton
at the coordinates (5,40), while the probability density for
the lithium atom, located at the coordinates (0,0), is aligned
where the aligned parallel cross section is given by along they axis. In Fig. Zb) the proton has passed by the
lithium atom and is located at the coordinates{55). Be-
_ N sides excitation of the target atom, one can also see substan-
UZ’J‘H”'(U)_ZTr% jo #2py—nim(v,0)bdb (10 tial charge transfer to the projectile ion. We also present ex-
citation probabilities as a function of impact parameter in
and the aligned perpendicular cross section is given by  Fig. 3 for a proton collision at 15 keV with a lithium atom in
a 2py excited state. Since the integral in E40) is weighted
towards large impact parametersdp), the TDSE lattice
calculations must include quite large impact parameters.
Proton-impact excitation cross sections for a lithium atom
[ in its ground and first excited state are presented in Table Il,
+7T; 0 92pz-nim,(v,b)bdb. (11) Figs. 4, and 5 for incident energies of 15, 30, and 50 keV.
: The total number of TDSE propagations needed to generate
In all cases, the sums oven are restricted to those final the cross sections is 420, given by the product of the number
states with the same~(1)'* ™ reflection number as the initial Of initial states (2,,2px,2py,2pz), the number of incident
state, for example;-1 for the 2z state.

UZp—»nI(U) = §0'2po—>nl(v)+ §0'2p7r—>nl(v)y

Toprni(0) =72 f 9 2px—nim, (v,b)bdb
mq 0

0.4
lll. RESULTS @ () - ©

The proton-impact excitation cross sections for the neutral 0.3 t
lithium atom are calculated by direct solution of the time- § "
dependent Schdinger equation of Eq(l) on a three- ¢
dimensional Cartesian lattice. We tried several different lat-§ o.2 1
tices to gain an understanding of the sensitivity of excitationg -
probabilities to lattice size, lattice spacing, and overall §
propagation time. An example of one of our tests is found in .1 ] - .
Table | for the transition gy—nl at an incident-proton en-
ergy of 15 keV and an impact parameter of 5.0. The 30
X 30x 30 (0.2) lattice is such that 30<x=<+30, —30<y 0.0 . - - . - -
<+30, and Gsz=+30, with a uniform grid spacing of L
Ax=Ay=Az=0.2. Thus, the number of finite difference RckdSnt Ensrayi(kay)
points in the lattice is 308 300X 150. The excitation prob- FIG. 4. Excitation cross sections for proton collisions with

abilities were found to be most sensitive to the overall propatithium in its ground state(a) 2s— 3s transition,(b) 2s—3p tran-

gation time, given byT=(y;—y;)/v. For production runs sition, and(c) 2s— 3d transition. Solid squares, TDSE calculations,
using 35 impact parameters ranging from 0.0 to 40.8, wesolid line, AOCC calculation§9] (1.0 Gb=1.0x10 1 cnr?).
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4.0 . . . . . . TABLE lll. Proton-impact excitation cross sections for lithium
— 15
(@ (b) © (107" cné).

3.0 | I Transition E=15 keV E=30 keV E=50 keV
5 [ | 2po—3s 1.92 1.05 0.56
s 2po—3p 0.56 0.30 0.19
820 2po—3d 2.87 3.06 257
g m
g 2pm—3s 1.21 1.15 0.94

10} u I I ] 2pm—3p 0.77 0.50 0.33

| fk.\.\ 2pm—3d 3.22 3.14 2.56
0.0 . : : : . :
0 20 40 60 O 20 40 60 O 20 40 60

Incident Energy (keV) IV. SUMMARY

FIG. 5. Excitation cross sections for proton collisions with ~ Proton-impact excitation cross sections of the lithium
lithium in its first excited state(a) 2p—3s transition, (b) 2p ~ a@tom in its ground and excited states are calculated by nu-
—3p transition, and(c) 2p—3d transition. Solid squares, TDSE merical solution of the time-dependent Satirmer equation
calculations; solid line, AOCC calculationfd] (1.0 Gb=1.0 on a three-dimensional Cartesian lattice. After the 11.52
X107 *% cn). X 10 points on the lattice are partitioned over the many

processors on a distributed memory computer, the wave
energieq3), and the number of impact parameté8s). The  function for the valence electron of the lithium atom is time
ground-state cross sections at 15 keV are somewhat smallegolved subject to the motional field of an incident proton.
than those reported befofB] for a 30x30x 30 (0.2) lattice  Following the passage of the proton, the electron wave func-
with y¢=+30. The excitation probabilities on the current tion is projected onto stationary states to obtain excitation
48x80x 48 (0.4 lattice with y;=+116 are simply better probabilities. Hundreds of trajectories are used to calculate
converged. A consistency check on the excited cross sectiocitation cross sections from both the ground and first ex-
is that the D— 2s cross section ig the 25—2p cross sec-  jted states of lithium. The agreement between the TDSE
tion to almost three significant figures. The TDSE results argesyits and previous atomic-orbital close-coupling calcula-
compared with earlier AOCC resulS] in Figs.(4) and(5).  tions is good for some excitations and relatively poor for
The solid curves are obtained using the twelve paramet&finers We also present aligned excitation cross sections for

fitting formula from Eq.(3) of Schweinzeret al. [9]. The  ne first excited state of lithium in support of future crossed
best agreement between the two methods is found for the, atom. and laser beam experiments.

25— 3s and 20— 3p transitions, while the worst agreement
is found for the »— 3d transition.

As a challenge to the experiment, we present in Table IlI
proton-impact excitation cross sections for a lithium atom in
an excited-state aligned parallel or perpendicular to the ion- This work was supported in part by a grant for theoretical
beam direction. The ratio of aligned cross sectioRs, research in plasma and fusion scietiGeant No. DE-FG02-
=0 2ps—ni!Topr_ni, vVaries fromR=1.6 for the 2—3s  96ER54348and a grant for scientific discovery through ad-
cross sections at 15 keV ®@=0.58 for the 2—3p cross  vanced computingGrant No. DE-FG02-01ER546440 Au-
sections at 50 keV. We note in particular that the alignmenburn University by the U.S. Department of Energy.
ratio for the 3 cross sections varies the most as a function oiComputational work was carried out at the National Energy
incident-proton energy. Research Scientific Computing Center in Oakland, CA.
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