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Time-dependent close-coupling calculations of the electron-impact ionization of lithium are presented and
compared to experiment and other recent theoretical calculations. Total integral cross sections are found to be
in excellent agreement with the previous converged close-coupling calculations of BiRRyys. B28, L247
(1995], but are substantially lower than the only low-energy region experimental results of Zapesochnyi and
Aleksakhin[Sov. Phys. JETR8, 41 (1969]. Ejected-energy differential cross sections are presented for
incident energies of 10 eV, 15 eV, 20 eV, and 25.4 eV. At 25.4 eV, the time-dependent close-coupling results
are found to be in only moderately good agreement with the converged close-coupling results ef &ray.

Phys. B32, 4309(1999]. A study is also made of the convergence of the spin asymmetry parameter as a

function of orbital angular momentum. The final time-dependent result for the spin asymmetry parameter at an
incident energy of 15 eV is found to be in excellent agreement with the converged close-coupling results of
Bray [J. Phys. B28, L247 (1995], but is slightly lower than the experiment of Bawehal. (1985.

DOI: 10.1103/PhysRevA.63.062709 PACS nuntber34.80—i

[. INTRODUCTION about these differential cross sections for electron scattering
by lithium; only the calculation by Brayet al. [13] has

Electron-impact ionization is one of the basic collision yielded ejected-energy differential cross sections at two inci-
processes for atoms and molecules and is studied not ontyent electron energies. No experimental measurements ap-
for its intrinsic importance, but also for a wide range of pear to be available at this time. In contrast, there has been
applications, such as in fusion plasma diagnostics, radiatiorecent experimental measurements of triple energy and angle
effects on materials, and astrophysics. Lithium is one of thelifferential cross sections for electron ionization of lithium
more important diagnostic elements for controlled fusion[14,15 that have shown good agreement with theoretical cal-
and recently there has been much interest in its use as aulations[13,16,17.
liguid metal wall in tokamakg1]. This may overcome the This paper therefore aims to fill these gaps by calculating
first-wall problems in fusion devices and can also cause th&tal integral and ejected-energy differential cross sections
flux of particles recycling back from the wall and refueling for the electron-impact ionization of lithium. We will check
the plasma to become very low. It is important, therefore, toour total integral cross sections against previous converged
have accurate data for electron-impact ionization processeslose-coupling results, which are substantially lower than ex-

In recent years, there has been good progress in theorefieriment. There have also been concerns over the calculation
cal calculations for electron-impact ionization of the lithium- of ejected-energy differential cross sections using the con-
like atomic ions. Systematic studies have been made usingergent close-coupling method. In recent calculations of the
convergent close-couplindgy matrix with pseudostates, and triply differential cross section for electron-impact ionization
time-dependent close-coupling thedB~7]. These theoreti- of hydrogen, the exterior complex-scaling metHd&] and
cal calculations vary in their agreement with experimentalthe convergent close-coupling methfB] agree very well
measurements. The nonperturbative calculatighs4] for  in shape, but not in magnitude. These differences have been
the electron-impact ionization of Beare in agreement with traced to differences in the calculation of the ejected-energy
each other but are both substantially lower than experimerdifferential cross section at equal energy sharing. A recent
[8]. However, nonperturbative calculations for the electron-study has made an effort to resolve this difference by calcu-
impact ionization of B [2,5,6 are in good agreement with lation of only theL = 0,S=0 component of the full electron-
each other and with experimei]. Calculations on lithium, hydrogen problenj20]. Therefore, an independent calcula-
extending this sequence, should help in the understanding ¢ibn of the ejected-energy differential cross section for
these anomalies. lithium should prove useful.

For electron-impact ionization of lithium, reasonable In this paper, we use a time-dependent close-coupling
agreement exists between the distorted-wave calculations ofiethod[21,22 that has met with considerable success in
Younger[9] and older experimental measuremdrit8—12.  recent years in the calculation of the electron-impact ioniza-
Convergent close-coupling calculatiof are substantially tion of atomic systems. Good agreement has been found be-
lower than the experimental measurementhich were all  tween experiment and time-dependent close-coupling theo-
done at least 25 years previousigt all energies by up to retical calculations for the ejected-energy differential and
20%. There has been little information available to datetotal cross sections for the electron-impact ionization of he-
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lium [23]. Good agreement has also been demonstrated beier, nuclear, direct Hartree and local exchange operators,
tween experiment and total ionization cross-section calculagnd U|L| 1(r1,12) couples the variousl{l,) scattering
tions for Li* [24], carbon, and neof25]. In Sec. I, we give 127172

a summary of the time-dependent close-coupling theory; i o . .
Sec. lll, we present our total integral and ejected-energy dif- Finite differencing methods are used to represent the

ferential cross sections for the electron-impact ionization o]close—coupled partial differential equations on a 300

lithium; and in Sec. IV, we summarize and reach concly-Point lattice _ with a uniform me§h _spaan@rl:A_rz .
sions. =0.30 a.u. Each radial wave function is propagated in time

using an explicit second-order differencing scheme. At a
time t=T following the collision, the two-electron radial

IIl. THEORY wave functions may be projected onto products of tihe
A. Time-dependent close-coupling method orbitals to extract collision probabilities and thus inelastic

. , . cross sections. The radial wave functions are propagated un-
The time-dependent close-coupling theory has been dis; 4 collision probabilities have converged.

cussed in some detail in studies of the electron-impact ion- For ejected-energy differential cross sections, the two-
ization of hydroger{21,22. Here we outline only the main ) . . —
electron radial wave functions are projected ontokheon-

points of the theory. tinuum radial orbitals to yield momentum robabili-
The 1s? ground state of L is calculated in the Hartree- nuUM radial orbitais to yie'd momentum space probabl
o — ) — ties. Plots of the absolute value squared of the wave function
Fock approximation. A set of bourwl and continuunkl 5 ragial and momentum space are shown in Figa) and
radial orbitals is then obtained by diagonalization of the ON€y (1) for the 'S partial wave withl,=1,=0 at time t
dimensional Hamiltonian given by =80 a.u. after the collision. It is clear that the elastically
172 1141 2 scattered part of the wave function travels much faster than
- ( ) _= any other part and reflects back into the box at 90 a.u. By this
h(r) + +Vp(r)+Vx(r), (1) : .
2912 2c2 T stage, the wave packet alomg=r,, which represents ion-
ization, is well away from the core so that this reflection does

whereVp(r) andVy(r) are the direct Hartree and local ex- not affect the ionization proba}k_)i_lities. In thé,(k,) plane, _
change potentials, respectiveis the nuclear charge of the the momentum space prgbabllmes are peaked along a ridge
target, and atomic units are used throughout. These poteRf total energyE=k;/2+ka/2=Eq—Ip, whereE, is the in-

tials are calculated using thes brbital, and a parameter in Cident electron energy arig is the ionization potential.

the exchange term is adjusted so that the single-particle en- Dividing the (k;,kz) plane into angular segments, defined
ergies for each angular momentum are in good agreemeRY the hyperspherical angle taf)=k; /k;, allows us to de-
with the configuration-average experimental spectrum. Afine the partial differential cross section as

pseudopotential is used to generatesackbital that elimi-
nates the inner node of the wave function and problems as- do(LS) 7 (2L+1)(25+1)

rQhannels.

sociated with core superelastic scattefialy The 2 pseudo- do k2 4

orbital is very similar to the & orbital found from a Hartree- .

Fock calculation for the €22s ground state of lithium. * f”’ a1 K2
At a time t=0 before the collision, two-electron radial Xg‘z 0 dky 0 dkpo| 6—tan Ky

wave functionsP,sz(rl,rz,t) are given by antisymmetrized

or symmetrized spatial products of thes Drbital and an X

incoming radial wave packet, where we deflnas the total

orbital angular momentunt as the total spin angular mo-

mentum §=0 or 1), and where(,l,) are the angular mo- X PlL? (rq,ro,t)
e e 1'2

menta for the target and initial scattered electr¢os the

ejected and final scattered electrpriEheir time propagation o . o

is governed by the time-dependent Salinger equation, The partial differential cross section in ejected energy may

fo drlfo draPi, () Pici,(r2)

2

. )]

which takes the form be obtained from the simple transformation
IPLS (r1.r2.0) . doits__1L dolls) @
iT:Tlllz(rl1r2)PIL1,I2(rlar2rt) de kikp  dé
. s and the partial integral cross section is then
+ > Ui (Tr2) P b,
110 e e s JEdcr(LS)d
(2) 0-( )_ o d6 €. (5)

whereT|1,2(r1,r2) contains kinetic energy, centrifugal bar- Finally the total integral cross section is given by
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o=, o(LS). (6)

LS

We may also define a partial spin asymmetry parameter
A(L), as

L
1
> | o(L'S=0)— —o(L'S=1)
= 3
A(L)=

C 1 , (7)
> X alL'S

L'=0 S=0
where the total spin asymmetry parameter is given by
A= lim A(L). (8)

L—o

B. Distorted-wave theory

The distorted-wave theory for electron-impact ionization
of atoms is based on a triple partial-wave expansion of the
first-order perturbation theory scattering amplit§gé]. The (@) n
total cross section is given by

1.89
e R T e
= o kg, 2 Dt )
X(2|f+1)P(II1|81|f1k|1k81kf)! (9) L4

where the linear momenték;(,k.,k;) and the angular mo-
mentum quantum numbers; (I.,l;) correspond to the in-
coming, ejected, and outgoing electron, respectively, anc
P(li,le,15,Ki ke, Ks) is the first-order scattering probability. =%
The 2s orbital is generated from a Hartree-Fock calcula-
tion for the 1s?2s ground state of lithium. The incoming and
outgoing scattered electron is calculated iV potential,
while the ejected electron is calculated iV~ potential, 048
where N=3 is the number of electrons in the target. The
distorted-wave calculations presented in this paper include
both direct and exchange terms in the scattering amplitude
This expression gives the configuration-average cross sectio ¢ o
and a simple modification of the angular algebra allows spin- 0.01 048
resolves partial-wave cross sections to be extracted.

0.95

0.95 1.42 1.89

(b) k,
Ill. RESULTS
_ o _ FIG. 1. (a) Contour plot of|P|L1|52(r1,r2,T)|2, whereL=S=1,
Partial-wave ionization cross sections for electron scatter=,_ o andT=80 a.u. for an incident energy of 25.4 e#) Con-

ing from I|tr_1|um, calculated using both the tlmt.a—dependent[Our plot 0f|f§df1f6°drzpkl|1(r1)Pk2|2(f2)P|L1?2(r1vrz,T)lzv where
close-coupling method a}nd t|me—|ndepende_nt gﬁstorted—wav —S=1,=1,=0 andT=80 a.u. for an incident energy of 25.4 eV.
methqd, are presented in Table | for four.|n0|dent'eI(.ectrpr‘tDL,gt‘,incesr1'r2 and moment; ,k, are in atomic units.

energies. Both calculations use an experimental ionization

potential of 5.39 e\[27]. The distorted-wave results contain vergence of the collision probabilities; in general, shorter
both direct and exchange terms in the scattering potentiatimes are needed for larger incident energies. The number of
We find that, for most energies and partial waves, thegl,l,) coupled channels ranges from 4 for=0 to 22 for
distorted-wave results are higher than the close-coupling rd-=6. For the highest =10 angular momentum calculations
sults, resulting in a higher distorted-wave total cross sectioarried out at an incident electron energy of 15 eV, it was
compared to the close-coupling total cross section for eachecessary to include 27,(,) coupled channels for conver-
incident electron energy. gence in angular momenta.

The time-dependent close-coupling equations for the two- Total ionization cross sections for electron scattering from
electron radial wave functions are solved on a numerical latlithium at low incident electron energies are presented in Fig.
tice as described in the preceding section. The total tim@. The solid diamonds with error bars are the experimental
propagation of the wave function is determined by the conmeasurements of Zapesochnyi and AleksaKhi@| (which
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TABLE I. Partial ionization cross sectiorib) for lithium at four incident electron energieefDCC

denotes time-dependent close-coupling method, DW denotes distorted-wave nhetleoates total orbital
angular momentum, 1.0 Mb1.0x10 8 cn?))

10 eV 15 eV 20 eV 25.4 eV
L TDCC DW TDCC DW TDCC DW TDCC DW
0 4.7 24.3 5.4 18.7 5.1 12.7 4.6 8.5
1 36.4 88.0 30.9 60.6 23.2 42.8 17.9 31.3
2 48.7 79.1 46.2 63.8 37.6 41.4 30.1 40.8
3 43.2 117.4 42.4 62.5 36.4 45.1 31.1 36.7
4 52.1 86.5 49.6 76.9 40.8 55.7 34.1 41.5
5 46.1 48.6 495 63.2 42.2 53.8 35.4 42.4
6 30.1 24.0 41.4 44.0 39.4 44.6 35.0 39.0
0-6 261.3 467.9 265.4 389.7 224.7 296.1 188.2 240.2
7-50 20.5 69.4 112.6 121.4
0-50 488.4 459.1 408.7 361.6

do not extend beyond 30 eVand the dashed line is the culations in this energy range, but are substantially lower
convergent close-coupling calculations of Brf®]. The than the experimental measurements of Zapesochyni and
other experimental measurements of McFarland and Kinnepleksakhin[10]. We also note that both nonperturbative cal-
[11] and Jalinet al. [12] do not begin until higher energies, culations are in good agreement with the binary-encounter-
well away from the peak of the cross section. The soliddipole model calculations of Kirfi29].

squares are time-dependent close-coupling results, where the In Fig. 3, we present time-dependent close-coupling cal-
results have been “topped-up” at the higher angular mo-culations of ejected-energy differential cross sections for
mentum (=7) by distorted-wave results. Also shown are electron scattering from lithium at four incident electron en-
time-independent distorted-wave results where direct and exergies. The close-coupling calculations are “topped-up” at
change terms are included in the scattering potefisialid  higher angular momentumL&6) with time-independent
line). These distorted-wave calculations are in good agreedistorted-wave calculations. The ejected electron energy has
ment with earlier distorted-wave calculations of Youngdr  been normalized to aid presentatioe., (normalized ejected
We see that the time-dependent close-coupling results are energy=(ejected energy(total energy]. As expected, the
excellent agreement with the convergent close-coupling calejected-energy differential cross sections are all symmetric

10
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Incident Energy (eV)
FIG. 3. Ejected-energy differential cross sections for electron
FIG. 2. Total electron-impact ionization cross section for elec-scattering from lithium at four incident electron energies. Time-
tron scattering from lithium. Solid squares: time-dependent closedependent close-coupling method, solid line: 10 eV, long-dashed
coupling method, solid line: distorted-wave method, dashed lineline: 15 eV, short-dashed line: 20 eV, dot-dashed line: 25.4 eV.
convergent close-coupling meth¢#], solid diamonds with error (Normalized ejected energy= ejected energy/total energy,
bars: experiment10]. (1.0 Mb=1.0x10 '8 cn?.) 1.0 Mb=1.0x10"18 cn?))
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100 . . . TABLE Il. Spin-resolved partial ionization cross sectidih4b)
and partial spin asymmetry parameftet(L)] for lithium at 15 eV
incident electron energy(TDCC denotes time-dependent close-
| coupling method, DW denotes distorted-wave metHodienotes
total orbital angular momentung denotes total spin angular mo-

S mentum, 1.0 Mb=1.0x 1078 cn?.)
5 i
= TDCC DW
.§ sy (Mb) A (L) (Mb) A (L)
9 1 10 3.6 14.8
S %0 1.7 0.57 3.9 0.72
11 12.7 34.8
7 51 18.1 0.27 25.8 0.50
2 34.0 42.9
32 12.2 0.48 20.9 0.53
12 13 27.0 29.2
Ejected Energy (eV) 33 154 0.49 33.3 0.46
, , , , 14 328 30.8
FIG. 4. Ejected-energy differential cross section for electron 3, 16.8 0.51 46.1 0.39
scattering from lithium at an incident energy of 25.4 eV. Solid line: 15 25'2 ' o5 6 ’
Time-dependent close-coupling method, dot-dashed line: converged ) '
close-coupling method using 107 staft#8], dashed curve: extrapo- 15 24.2 0.47 37.7 0.35
lated converged close-coupling method3]. (1.0 Mb=1.0 6 16.4 18.2
x 10718 cni.) 36 25.0 0.43 25.8 0.34
7 10.3 11.6
aboutE/2, whereE is the total energy. We note also that the i7 19.8 0.40 16.6 0.33
ejected-energy differential cross section is significantly flat- 38 6.5 7.0
ter at lower incident electron energies, which is in agreement 8 14.0 0.38 9.8 0.33
with recent studies of near-threshold ejected-energy differen- -9 4.1 3.8
tial cross sections of electron scattering from hydrogj. %9 9.5 0.37 6.5 0.32
To compare with the ejected-energy differential cross- ‘10 2.6 19
section calculations of Bragt al.[13], we plot in Fig. 4 our %10 6.3 0.36 4.2 0.32
ejected-energy differential cross section at 25.4 eV, where
we have multiplied the cross section by 2 and plotted from 0 0-10 338.2 451.2
to E/2. This is done to facilitate comparison with the conver- 11-50 8.2
gent close-coupling method, in which the ejected-energy dif-
ferential cross section is extracted in such a way that results 0-50 459.1

are obtained from 0 t&/2 only. Our results are multiplied
by a factor of 2 so that we compare equal areas under the

differential cross-section curvese., so that total cross sec- time-dependent close-coupling calculations te 10, for this

tions are the same . . .
T . ._energy only, to follow the ratio of the triplet to singlet cross
The solid line shows the time-dependent close-couplln% gy ony P g

results at 25.4 eV as described previously. The dot-dasheqecuons' E’_;yL_—lO, the triplet to smglet_ ratio is much closer
line is the converged close-coupling results obtained usin%0 th? statistical value .Of s qu the distorted-wave c_alcula—
107 states as described by Bietyal.[13]. The dashed line is on, it was found t.hat Increasing the.number (.)f orbltgl an-
an extrapolation of the converged close-coupling results t§ular momentd did make a small difference in the indi-
suggest a fully converged calculatiph3]. We see that the vidual splr_l-resolved_partlal wave cross sections at_ hlgh_
time-dependent close-coupling results fall between these twBUt that this made virtually no difference to the partial spin
curves and that the agreement overall is only moderatelpSymmetry parameteid(L). We see that the individual
good. distorted-wave partial wave cross sections are still some way
Spin-resolved partial-wave cross sections at an incider@ff the time-dependent close-coupling results, evenl at
electron energy of 15 eV are presented in Table Il calculated= 10. Previous studig28] have shown that the convergence
using the time-dependent close-coupling and time-of distorted-wave calculations is slow even for singly and
independent distorted-wave approaches, along with the codoubly charged ions. In the current case, neutral Li, it may
responding partial spin asymmetry parameter. We note thabe necessary to calculate individual partial wave cross sec-
by L=6, the ratio of the cross section from the triplet to tions for up toL =20 to obtain good agreement between the
singlet partial waves is still a long way from the statistical time-dependent and time-independent methods.
ratio of 3, for both the time-dependent close-coupling and On the other handA(L) oscillates for low values of the
distorted-wave calculations. We have therefore extended ouotal orbital angular momentum, but does converge as high
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TABLE Ill. Total spin asymmetry parameteid] for lithium at  tially lower than the experimental measurements of Zape-
15 eV incident electron energyTDCC denotes time-dependent sochnyi and Aleksakhihl0] made over 25 years ago. New
close-coupling method, CCC denotes converged close-couplingxperiments measuring the total cross section for the

method[2], Expt. denotes experimefi80].) electron-impact ionization of lithium could perhaps bring
theory and experiment into better agreement.
A Ejected-energy differential cross sections, calculated at an

incident electron energy of 25.4 eV, are found to be in only

Tbcc 0.36 moderately good agreement with convergent close-coupling
cce 0.35 calculations, in the energy range 0 E32, whereE is the
Expt. 0.39 total energy. We also present ejected-energy differential

cross sections at other incident electron ener(ifs 15, and

20 eV) for which there are no other nonperturbative theoret-
orbital angular momentum values are reached. It is clear thatal or experimental comparisons available. It is hoped that
calculation of the spin-resolved partial wave cross sectionghis paper will stimulate experimental work in this area in
up to high values of the orbital angular momentum 10 is  order that nonperturbative theory may be tested more fully.
necessary to achieve convergence in the spin asymmetry pa- Finally, the spin asymmetry parameter at an incident elec-
rameter. To compare with other calculations and experimentyon energy of 15 eV is found to be in excellent agreement
Table Il shows the final spin asymmetry parameter calcuwith convergent close-coupling calculations, and in very
lated at 15 eV using the time-dependent close-couplingiood agreement with the experimental measurements of
method forL=0—10. We see that there is excellent agree-Baumet al.[30]. It is found that time-dependent calculations
ment with the convergent close-coupling calculation of Brayof spin-resolved partial-wave cross sections must be carried
[2], and that both theoretical calculations are slightly lowerout for a large number of orbital angular momenta to obtain
than the experiment of Bauet al. [30]. convergence in the partial spin asymmetry parameter.
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