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Excitation and charge transfer in proton-lithium collisions at 5-15 keV
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Excitation and charge-transfer cross sections for collisions of protons with lithium are calculated by direct
solution of the time-dependent Schinger equation on a three-dimensional Cartesian lattice. For 5-15-keV
incident energies thes? 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 L§p—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(21,3]) transitions. The Li(8)—Li(2p) excitation and Li(3)—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]. [S1050-294{@9)09211-2

PACS numbds): 34.50.Fa
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Besides bulk heating, the injection of neutral beams of
hydrogen and helium atoms into tokamak plasmas has serveoh ) ) ) _
as a valuable diagnostic of electron densities, impurity ionVnere for straight-line trajectories,
temperatures, and electric and magnetic fields. Recghlly
fast neutral lithium atoms have been injected into tokamaks R(t)=V(x=b)*+[y—(Yo+vt)]*+ 77, ()
to analyze important boundary-layer plasma parameters. The
basic atomic processes in the beam-plasma interaction il is the impact parametey, is the starting position for the
clude ion-impact excitation and charge transfer with the neuprojectile, andv is the projectile velocity. For charge-
tral lithium atom. transfer processes we solve the time-dependent Sictyer

In this paper we calculate excitation and charge-transfegquation for a monovalent atomic projectile colliding with a
cross sections for collisions of protons with lithium by direct bare ion target:
solution of the time-dependent Schinger equatiofTDSE)
on a three-dimensional Cartesian lattice. This powerful and _a\II(F,t) 1 ) Z R
potentially very accurate numerical method was developed a  iI————=| = 5 V"= -+ Veore(R(1) | W (r,1).  (3)
number of years agf2-5], but only with the recent devel-
opment of large distributed-memory parallel computers ha
application to atomic collision physics been made possibl

[6-9]. For proton-impact energies below 20 keV, the influ- for collision probabilities. The choice of axy scattering

ence of the 3 core of lithium on excitation and charge- lane guarantees that the collision Hamiltonian has reflection
transfer processes is quite small. Thus, we construct a col® 9 .
mmetry with respect to the=0 plane.

seudopotential and only track the time-dependent behavict ! . .
gf the 25p valence electro);L For a given incigent energy and The core potentialcore(r), is constructed using standard

impact parameter, the time-evolved lattice wave functionprocedur_e$16]. For_example, the Li ground-state Hartree-
may be projected onto stationary states to yield a variety o'f: ock Qrb|ta| P15(r) is used to construct the Hartree-Slater
inelastic probabilities. We compare the TDSE lattice result§Otentlal

for Li(2s)—Li(2p,3l) excitation cross sections and LER

—H(21,3) charge-transfer cross sections with previous =Pi(r")dr’ 24p14(r) |\ 1?
basis-set close-coupling calculations0-12 and the VHS(F):ZJO max(r,r’) a : )
crossed-beams experimental measurements of Augtagic ’
[13-15. In Sec. Il we give an outline of the computational
methods, cross-section results are presented in Sec. lll, an
brief summary is given in Sec. IV.

sfhe use of the target frame for excitation and the projectile
Srame for charge transfer allows for center-of-box projection

ko

d/vgerea is a free parameter, andr) = ZPES(r)/47rr2 is the
radial probability density. The radial Schiinger equation

Pos(r)=0, ®

2
Il. THEORY (———z——+VHs(r)—ezs

For excitation processes we solve the time-dependent
Schralinger equation for a bare iofZ) projectile colliding is then solved for the Li ground-state orbij(r), with «
with an atomic target with one valence electr@m atomic  being adjusted so that,s agrees with the experimental en-
units): ergy. The inner node of thB,4(r) orbital is removed in a
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30 , : ‘ TABLE |. Single-particle energies for the lattice stationary
states of lithium and hydrogen.
| (@) ,
TDSE energy Experimental energy
15 + 4 State (eV) (eV)
| | Li(2s) -5.38 -5.39
Li(2p) -3.12 —3.54
o L . | Li(3s) —2.01 —2.02
Li(3p) —1.41 —1.56
| Li(3d) -151 -1.51
as L 4 H(1s) —-13.47 -13.61
H(2s) —-3.39 -3.40
| ] H(2p) -3.41 -3.40
H(3s) -1.51 -1.51
-30 : ‘ ‘ H(3p) -1.51 —-1.51
-30 -15 0 15 30 H(3d) -151 -151
y
30. ; . : ; while the stationary states for the hydrogenic ion are found
by relaxation of
W) (1, Z) | -
15 - o, TV T Yam()- (8)
| The relaxed spectrum for the atom and ion incorporates ef-
fects due to finite grid spacing and size of the lattice. The
® 0. o . o A
excitation probability for the transitiomlm—n’l’'m’ at a
| specific energy and impact parameter is given by
| - A . _ 2
5. - 1 pn,l,m,(v,b)=fdrwnfl,m,(r)\lf(r,T) , (9)
where
.30, | I | L |
-30. -15. 0. 15. 30. W(r,00= Pom(X,Y,2), (10)

and ¥ (r,T) is the solution of Eq(1) at a timeT following
FIG. 1. Time evolution of the electron density in the 0 scat-  the collision. The charge-transfer probability for the transi-

tering plane for a proton-lithium collision at 15 keV and zero im- tion nln—n’l’m’ at a specific energy and impact parameter
pact parametefa) t=0.0, proton ay=—15.0; (b) t=46.0, proton g given by
at y=+20.8 (radial distances are in atomic units, 1.0 &.6.29

X 1072 cm). 2
- -
_ pnr|rmr(v,b)=fdrwn’f,,m,(r)\lf(r,T) , (11

smooth manner to construct Ry(r) pseudo-orbital. The
core pseudopotential is obtained by inverting the radial
Schralinger equation where

i W(F,00=¢A(x—b,y—yo,2)e"Y, (12)

537 Veord )~ 20| PR(N=0.  (§ Vrim{X DY Yo

o ) o TABLE . Li(2s)—Li(2p) excitation cross sections
The core pseudopotential is strongly repulsive for radial dis{10-5 cn®).

tances less than the inner node of the origigf(r) orbital.

The stationary states for the monovalent atom are foundinal state EnergykeV) TDSE AOCC[12] Experiment13]
by relaxation of the time-dependent Sctlirmger equation in

imaginary time ¢=it): Li(2p) 5.0 2.28 3.89 3.19+0.32
10.0 3.47 4.28 3.8%0.39
P (F) 1 R 15.0 3.49 4.11 3.9%0.40
_%L: __V2+Vcore(r) ‘pﬁlm(r)r (7) a
aT 2 Interpolated between values at 4.0 and 6.0 keV.
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5.0 ; : : \ TABLE V. Li(2s)—H(2l) charge-transfer cross sections
} (10 B cnd).
] TT7T+7T771 T
n 4.0 J} El %EE j % Ei% i E% Final state EnergykeV) TDSE AOCC[10] Experiment{14,15
£ _Lo ] |
§ 3.0 T%i | H(2s) 5.0 1.71 1.5% 2.10+0.71
g T Pt 10.0 0.59 0.63 0.880.26
§ 0 [ | 15.0 0.20 0.23 0.270.11
» 2.0 T H(2p) 5.0 315 258 2.79+0.89
] 10.0 0.98 1.07 1.160.37
© 0t 15.0 0.27 0.30 0.250.10
dnterpolated between values at 4.0 and 6.0 keV.
0.0 :
0.0 5.0 10.0 15.0 20.0

Energy (keV)

differences in each spatial coordinate, while an explicit
second-order difference algorithm is used to propagate the

FIG. 2. Excitation cross section for Li€2—Li(2p) vs proton  solution in time[17]. Spurious wave reflection at the lattice
impact energy (Gbara1.0x 10 ® cn). Solid square, TDSE cal- boundary is eliminated through the use of exponential mask-
culation; open circles, experimefit3|. ing.

Z:

Solving Eq.(1) we present probability density plots in the

0 scattering plane as a function of time in Fig. 1 for a

and\If(F,T) is the solution of Eq(3) at a timeT following proton-lithium collision at 15 keV and zero impact param-
the collision. The total cross section for either excitation oreter. The initial position of the proton is af:(o_o,
charge transfer is given by —15.0,0.0). For the time frame seen in Figb)lthe proton

has moved t(f=(0.0,+ 20.8,0.0) with a sizable “capture”
" of probability density. Notice the effective suppression of
Un,l,m,(v)zzﬂj 9 (V,b)b db. (13)  Wave reflection at the lattice boundary. Thus, only the time-
0 evolved wave function at the center of the box remains faith-
ful, and only it can be safely projected onto centered station-
ary states of lithium for the extraction of excitation
Due to the reflection symmetry with respect to the 0 probabilities. Solving Eq(3) the time evolution of the prob-
plane, we need only consider final states with the samability density for a lithium-proton collision at 15 keV and
(—1)'*™ reflection number as the initial state.g., even zero impact parameter is the mirror image of Fig. 1, at least
reflection number for the Li € statg [8]. away from the lattice boundary. Again only the time-evolved
wave function at the center of the box remains faithful, and
only it can be safely projected onto centered stationary states
. RESULTS of hydrogen for the extraction of charge-transfer probabili-
ties.

Excitation and charge-transfer cross sections for collisions The relatively small size of the lattice means that only the
of protons with lithium are calculated by direct solution of K- -, andM-shell stationary states of lithium and hydrogen
Egs.(1) and(3) on a three-dimensional Cartesian lattice. Weare well represented. The lattice stationary states of lithium
employ a 30 300X 150 point lattice with a uniform grid and hydrogen are calculated using E@3.and(8), and their

spacing of Ax=Ay=Az=0.2, yielding a box size of

—30.0— +30.0,- 30.0— + 30.0,0.0~ + 30.0. We note that 4.0 _
radial distances are in atomic units, 1.0 &6.29x10 °
cm. The kinetic energy is represented by three-point central
@
TABLE Ill. Li(2 s)—Li(31) excitation cross sections % 30
(10" cn). )
. 8 20
Final state EnergykeV) TDSE B
Li(3s) 5.0 0.99 ‘fj,»
10.0 0.28 S 10! %
15.0 0.53 2 g
Li(3p) 5.0 1.03 - i -
10.0 1.26 0.0 : : : =8
15.0 1.43 0.0 5.0 10.0 15.0 20.0
) Energy (keV)
Li(3d) 5.0 2.49
10.0 4.89 FIG. 3. Charge-transfer cross section for L$j2>H(2s) vs
15.0 4.21 proton impact energy (Gbasnl.0x10 °cn?). Solid square,

TDSE calculation; open circles, experimgab].
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4.0 — ‘ ‘ TABLE V. Li(2s)—H(3l) charge-transfer cross sections
. (1078 cn?).
@ 30 | - ‘ | Final state EnergykeV) TDSE AOCC[10] Experiment14]
§ [ H(3s) 5.0 1.61 1.08 2.03+1.02
< 2o |l ) ines | 10.0 2.18 1.70 3.351.6¢
5 J H 15.0 0.89 1.30 1.991.00°
» J” H(3p) 5.0 3.12 1.99 3.05+1.68
S l ;[ | 10.0 2.23 1.80 2.561.41°
c 10 i %, 15.0 0.88  1.40 1.380.7%
Y H(3d) 5.0 2.13 1.88 1.01+0.57°
0o | | L 10.0 050  0.60 0.370.19
0.0 5.0 10.0 15.0 20.0 15.0 0.16 0.30 0.280.14
Energy (keV)

dnterpolated between values at 4.0 and 6.0 keV.
FIG. 4. Charge-transfer cross section for Lsj2>H(2p) vs PH, emission.
proton impact energy (Gbarnl.0x10 ' cn?). Solid square, °Lj emission.
TDSE calculation; open circles, experimgy].

Ir_easonable agreement with AOCC calculatiph@] and ex-

single-particle energies are compared with experimental val-~“;
gep 9 b P perimental measuremer{ts4].

ues[18] in Table I. The largest difference between theoreti-
cal and experimental energies is for theriji) states. A core
pseudopotentidV..,(r), requiring no explicit dependence,
which will yield both an accurategionization potential and
an accurate 2—2p energy splitting, proved difficult to con-
struct. IV. SUMMARY

The excitation probabilities of Eq9) are calculated at  |ng|astic cross sections for proton-lithium collisions are

incident proton energies of 5, 10, and 15 keV and at impacty|cylated by direct solution of the time-dependent $chro
parameters ranging from 0.0 to 20.0. The general shape of gfjnger equation on a three-dimensional Cartesian lattice. The
excitation probability as a function of impact parameter var-;se” of 5 large number of lattice points ensures a faithful
ies widely from one transition to the next. For example, thergpresentation of continuum processes, in general superior to
Li(2s)—Li(2p) excitation probability aE=5.0 keV has a gt finite basis-set expansions. A pseudopotential is intro-
large almost symmetrical peak centeredat7.0, moving 0 qyced to represent the lithium atomic core. Thus, in prin-
slightly lower impact parameters as the incident energy ig;jple, the TDSE lattice method may be applied to a bare ion
increased. On the other hand, the LsJ2-Li(3s) excitation  of arbjtrary charge colliding with any monovalent atom. In
probability atE=5.0 keV has a peak &=0.0 and a second practice, the use of a core pseudopotential restricts the appli-
larger peak ab=6.0. As the incident energy is increased thecation of the method to an impact energy range in which the
zero impact parameter peak grows and the second peak &lpre electrons have negligible influence on inelastic pro-
most vanishes bfe=15.0 keV. The charge-transfer prob- cesses. For proton-lithium collisions, the TDSE lattice results
abilities of Eq.(11) are calculated at incident proton energiesin the intermediate energy range less than 20 keV, for both
of 5, 10, and 15 kQV and at impact parameters ranging_fron@he Li(2s)—Li(2p) excitation and the Li(8—H(2l)
0.0 to 14.0. The Li(8)—H(2p) charge-transfer probability charge transfer, are in good agreement with previous basis-
atE=5.0 keV has a large double humped central pealk at set close-coupling calculations and crossed-beams experi-
=5.0, which coalesces and then moves to smaller impaghental measurements. In the future we plan to extend the
parameters as the incident energy increases. TDSE lattice method to investigate ion-atom collisions in
Excitation cross sections for the LigP—Li(2p) transi-  external fields, reduced symmetry problems being ideal for a

tion are presented in Table Il and Fig. 2 at incident protoncomputational method already formulated in a full three-
energies of 5, 10, and 15 keV. The TDSE lattice results an@jimensional space.

recent atomic-orbital close-couplinAOCC) calculations

[12] bracket the crossed-beams experimental measurements

of Aumayr et al. [13]. Additional excitation cross sections

for the Li(2s)—Li(31) transitions are presented in Table IlI.

Charge-transfer cross sections for the_ IS H(21) trar_13i-_ ACKNOWLEDGMENTS
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