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Collisional excitation and alignment of np (n + 1)s autoionizing states
of the alkali-metal atoms
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The excitation cross sections and the alignment of the lowest autoionizing states, np'(n +1)s,
of Na, K, Rb, and Cs, induced by impact of various projectiles, have been calculated. The align-
ment by projectiles heavier than electrons is seen to exhibit a rich structure as a function of im-

pact energy and it is anticipated that its overall behavior should be observable by experiment.
Good agreement is found with the available data on sodium.

I. INTRODUCTION

The alkali-metal atoms have traditionally been a
favorite object of study by experimentalists and theorists
alike because of their relatively simple electronic struc-
ture and spectra. The study of their medium-to-high
Rydberg states, obtained by excitation of the valence
electron has become especially a frequent research sub-
ject with the advent of the laser and the ability to obtain
substantial populations of such states; these states subse-
quently decay by fluorescence via optically "allowed" or
"forbidden" transitions and can be monitored by photon
emission spectroscopy. On the other hand, the states re-
sulting from the excitation of an inner-shell electron de-
cay predominantly via emission of an electron (autoioni-
zation) and thus are studied by electron spectroscopy.

Although the K, Rb, and Cs autoionizing states were
observed early by Beutler and Guggenheirner, ' in pho-
toabsorption spectra, analogous studies for Na were per-
formed more than 35 years later by photoabsorption
and electron-impact excitation. For all four atoms
these states have large excitation probabilities but very
small widths (i.e. , long lifetimes). In a series of experi-
ments Nygaard measured their contribution to the
total electron-impact excitation cross section of the
alkali-metal atoms, whereas Ross et al. ,

' Breuckmann
et al. ,

" and DuBois et al. ' performed state-selected
measurements and studied the angular distribution of
the autoionization electrons in Na. Pejcev and Ross'-'
measured the Cs excitation cross section as a function of
energy over a broad electron energy range and observed
sharp maxima of the cross section near threshold. The
excitation cross sections of the lowest autoionizing states
np (n +1)s of the alkali-metal atoms were theoretically
calculated using a variety of approximations for the col-
lision dynamics and for the atomic wave functions by
Rai and co-workers, ' ' this author, is —2o Tiwary, '
and Peterkop and Liepinsh.

The study of autoionizing states provides information
about the atomic structure and the dynamics of a state' s
excitation since the cross section depends strongly on the
impact energy. Specifically, the different magnetic sub-
states can be populated to a different, i.e., nonstatistical,

extent, depending on the relevant partial excitation cross
sections, thus resulting in a nonzero alignment. As is
shown below, parallel measurement of the alignment, to-
gether with the excitation cross section, provide a
stringent test of the validity of theoretical approxima-
tions, especially for the treatment of the collisional dy-
namics.

The electron-impact excitation cross sections of the
lowest autoionizing states np (n + 1)s P3/p of Na
(n =2), K (n =3), Rb (n =4), and Cs (n =5) have been
studied experimentally ' and theoretically' ' but
do not show any interesting structure, apart from sharp
maxima just above threshold. ' ' DuBois et al. ' have
inferred a prominent minimum in the alignment of the
Na state at low impact energies. However, it has been
speculated in the literature ' that this minimum is
probably due to effects of post-collision interaction
(PCI) on the detected electrons and might not
represent structure in the alignment of the excited state.
Similar minima have been observed and attributed to
PCI-type effects by Heideman et al. in the polarization
of fluorescence radiation, following the electron-impact
excitation of helium and lithium.

The alignment of the Na 2p 3s P3/2 state obtained
by proton and/or He+ impact was reported by Ziem
et al. , Theodosiou et al. ,

' and DuBois et al. ' The
isoelectronic state in Mg+ was also studied by DuBois
et al. ' by Mg+ on He impact. The experimental data
on both atoms exhibited interesting structure and
verified the overall predictions of the first Born approxi-
mation. "—"

To further elucidate the origin of the observed struc-
ture in the alignment and its variation (as a function of
atomic number) for heavier alkali-metal atoms, the
present work extends the calculations to K, Rb, and Cs
and to diverse projectiles. In addition, an improved
theoretical approach, the Vainshtein-Presnyakov-
Sobelman (VPS) approximation, is applied to calcu-
late the necessary partial and total excitation cross sec-
tions.

As established by this author, ' ' the effect of interfer-
ence between the autoionizing and direct ionization tran-
sitions in the processes
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= P+A+[np 'So]+eP+/1 [np (n + 1)s S,/2]
P+A [np (n +1)s P&/Q 3/p]

where P =e, H+, He+, etc. , and A =Na, K, Rb, and
Cs is negligibly small because the direct ionization pro-
cess is very weak. The autoionizing intermediate states
have decay widths of only a few meV (Refs. 18, 36, and
37) and generalized Fano profile parameters q (K) on the
order of 100.' ' Some of the well-established properties
of these states are summarized in Tables I—III.

In the limit of zero amplitude for the direct ionization,

I3/p ( 8 ) =2IO [ 1 +F2 (cos8 ) ]

I&n(6 ) =Io

(2a)

(2b)

of the electrons emitted through autoionization. In this
limit, we have'

the alignment of the autoionizing state is equal to the
anisotropy parameter in the angular distribution

max
d Kao Kao n +1 s j& K» np P2 k;.K

min

maxf '"
d (Kao)(Kao) &(n +1)s

~
j&(Kr) np )

min

= [Q (npO) —Q (np 1)]/[Q (npO)+2Q (np 1 )], (3)

where Q(npm&) is the excitation cross section of an npm~ electron to a (n +1)sO state, and K is the momentum
transfer.

II. METHOD OF CALCULATION

The transition matrix elements and excitation cross sections have been calculated using atomic wave functions ob-
tained within the Hartree-Slater approximation. A series of calculations was actually performed to test the
significance of using Hartree-Slater, Hartree-Kohn-Sham, and Hartree-Fock single-configuration wave functions.
The matrix elements were essentially the same in all cases. This was also true even when separate self-consistent cal-
culations were performed for the ground and excited configurations, respectively, provided that the excited
configuration orbitals were Schmidt orthogonalized to the orbitals of the ground configuration.

The transition probabilities where calculated in two approximations: (a) using the plane-wave first Born approxima-
tion (PWBA) form factor

Tf &f I

e——xp(iK. r)
l
i),. (4)

and (b) using the Vainshtein-Presnyakov-Sobelman approximation (VPSA). The VPSA accounts to some extent
for the distortion of the projectile s wave function during the collision. Its application entails the replacement of the
above Born form factor by

T = —T (4vrZp /K ). .
p(K +DE)

N( )=p '
i 1(1—'

)i

N'(v) 2F)( iv*,iv, 1, (K— @ATE) /[(K +hE—)(K +p AE)]), (Sa)

(5b)

TABLE I. ns binding energies in eV of the alkali-metal atoms in their ground state. HS, Hartree-
Slater model; HKS, Hartree-Kohn-Shamm model; HF, Hartree-Fock model.

Element

Na
K
Rb
Cs

'Reference 38.

State

3s
4s
5s
6s

HS

5.137
4.196
3.950
3.564

Theoretical
HKS

4.855
3.903
3.645
3.272

HF

4.956
4.013
3.752
3.366

Experimental'

5.139
4.339
4.176
3.893
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Element

Na
K
Rb
Cs

State

p'3s»P
3p 54$ 2 2P

4p Ss P
Sp 6s P

Theoretical (HF)

0.166
0.249
0.810
1.431

Experimental

0.166'
0.260b

0.845'
1.217

'Connerade et al. , Ref. 4.
Beutler and Guggenheimer, Ref. 1.

'Beutler, Ref. 2.
Beutler and Guggenheimer, Ref. 3.

TABLE II. Spin-orbit splittings in eV. When the projectile state is not detected after the col-
lision, i.e. , case (b) applies, the excitation cross-section
formula is increased by the addition of new terms, '

which, using a closure relation, can be approximated '

by

M R x - d(Kao)
~o f=g~ao

m T; &x'& (Kao)3

X [ 1 —1 /[ 1+(Ka p /2Z )']'
I

IpI 2M R 2
(K o)

o,f ——8map Zp 3 ~

T,fm Tj m. in (Ka o )
(7)

where K;„=k;—kf and K,„=k;+kf. When the pro-
jectile carries electrons and has nuclear charge Z, and
the electrons' role is taken into account explicitly, the
above expression is changed. For the sake of simplicity
in the following, we discuss only projectiles carrying a
single electron. Two distinct cases are present: (a) the
projectile remains in its ground state after collision, or
(b) it may be excited to any state (including continuum).
For case (a) Eq. (7) applies again except that the quantity
Z~ is simply replaced by a momentum-transfer-
dependent charge, ' i.e.,

zM R m» d(Kao)
o,f —8~ap,

~

T,f ~m T& min (Kao )

)&
~

Z —1/[1+(Kap/2Z) ]

(8)

where K=k; —kf is the momentum transfer, p is the
projectile s reduced mass, AE is the excitation energy,
Z~ is the projectile s charge, zF& is a hypergeometric
function, and

v = pZ& /[—kf —i sgn(Z~ )pQ cf ],
Ef being the binding energy of the active atomic electron
in the final state.

The excitation cross section for a bare or structureless
projectile of incident energy T; and charge Z~ is given
by

where (K) is taken as equal to the value of K;„ap-
propriate to the lowest excited state of the projectile
(here n =2). Therefore, the total cross section in case
(b) is given by

cT,f =o,f +6(J,f(2) (&)

Even though only the alignment of the J = —,
' level

from the doublet is non-negligible and was calculated,
the excitation cross-section values presented in the
graphs below correspond to the whole configuration
np'(n +1)s P, i.e., the sum of cr( P3/p)+o( P, ~2).
Another issue that the present calculations address is
whether one uses theoretical or experimental values for
the excitation energy. Results were obtained for both
cases and they are compared with experimental observa-
tions below.

III. RESULTS AND DISCUSSION

A. Calculations

As a first step, the excitation cross section and align-
ment of the lowest autoionizing state of Na were calcu-
lated using a set of projectiles of varying mass and num-
ber of electrons they carry along, i.e., we considered e
H+, He +, He+, and Li+. The screening of the He+
and Li+ nuclear charge due to their electrons was prop-
erly taken into account.

Figures 1 and 2 present our results versus the velocity
ratio of a projectile and a 2p electron. We see that, as
expected from the validity of the Born approximation, at
medium to large velocities the results are the same for
projectiles with equal velocity and charge. Because of its

TABLE III. Excitation energy in eV of the np'(n +1)s autoionizing states of the alkali-metal
atoms.

Element State HS
Theoretical

HKS HF
Experimental

J 3 1

2 2

Na
K
Rb
Cs

2p 53$»P
3p 4$ P
4p Ss P
Sp 6s P

38.215
22.738
18.674
15.381

31.438
18.672
15.430
12.747

30.359
18.937
15.865
13.288

30.768
18.713
15.308
12.303

30 934'
18.973"
16.153'
13.519

'Connerade et al. , Ref. 4.
Beutler and Guggenheimer, Ref. 1.

'Beutler, Ref. 2.
Beutler and Guggenheimer, Ref. 3.
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FIG. 6. Comparison between experimental and theoretical

values of the excitation cross sections for proton- and
electron-impact excitation of the Na 2p'3s term. Experimen;
tal: $, y, proton impact, Ref. 43; ~I, electron impact, Ref. 44.
Theoretical: CC4 and CC25, 4- and 25-state close-coupling cal-
culations, respectively, Ref. 45; PWBE, PWBT, VPSE, and
VPST, present plane-wave Born and VPS approximation calcu-
lations. Labels ending in E denote use of experimental excita-
tion energy values, whereas the ones ending in T denote results
using theoretical energies.

Of all the alkali-metal atoms there exist experimental
measurements only for Na, both for cross-section and
alignment values. Figure 6 compares the present and
close-coupling calculations with the available excitation
cross-section measurements. ' The agreement between
experiment and essentially all theories is satisfactory for
the case of electron impact, since the measurements are
for fast electrons only. The agreement is also good for
proton impact, at least down to about 30 keV, when
comparison is made with the 25-state close-coupling cal-
culation of Scholler and Briggs and the present VPS
approximation using experimental excitation energy
values (curve VPSE) The t.wo sets of measurements of
Ref. 43 use different normalization techniques, the ones
at higher energies have been normalized to the Born ap-
proximation value at v„& ——6.3. If theoretical values are
used for the excitation energy (see Table III, HS) the
cross-section curves (VPST and PWBT) move to the
right and have slightly decreased magnitude. If normali-

between wave-function nodes and alignment minima,
measurements of the alignment may be a unique way of
explicitly observing the existence of nodes in atomic
wave functions as well as a measure of their exact loca-
tion.

It is true, of course, that some of this structure at low
velocities will be "washed out" by the effects of tem-
porary molecule formation by projectile and target, but
it is to be seen to what extent. Experimental determina-
tion of alignment by detecting the autoionization elec-
trons may also fail to reveal all of the features of Figs. 2
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FIG. 7. Comparison between experimental and theoretical
values of alignment of the Na 2p'3s P3/2 state excited by pro-
ton impact. Experimental: ), Ref. 30; .[, Ref. 31; ~, Ref. 43.
Theoretical: See Fig. 6 for explanation of the curves.

FIG. 8. Comparison between experimental and theoretical
values of alignment of the Na 2p'3s' 'P3/2 state excited by He
impact. Experimental: ~, Ref. 30; $, Ref. 31; ), Ref. 46.
Theoretical: ———, . ~ ~, Born approximation;—.—.—,VPS approximation (see below). BlE, Born approxi-
rnation assuming structureless projectile and experimental exci-
tation energy; B2E, Born approximation assuming that the
electron of the projectile is left in any state after collision and
experimental excitation energy; B2T, Born approximation as-
suming that the electron of the projectile is 1eft in any state
after collision and theoretical excitation energy; V2E, VPS ap-
proximation assuming that the electron of the projectile is left
in any state after collision and experimental excitation energy;
V2T, VPS approximation assuming that the electron of the
projectile is left in any state after collision and theoretical exci-
tation energy.
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zation were to be made with respect to these curves, the
two experimental data sets would match very well
around 20 keV energy. Agreement with the VPST curve
would then also improve. A disagreement between ex-
periment and the above theories should be expected
below about 20 keV proton energies since the charge ex-
change channel becomes a significant contributor even to
target excitation. The above theoretical resu1ts do not
include such contributions.

The obvious difference, from Fig. 2, between align-
ment values caused by protons and He+ of equal impact
velocity is also borne out by the experimental investiga-
tion of Hintermayer et al. The two cases are shown
separately on Figs. 7 and 8. In Fig. 7 the alignment
measurements for the Na excitation by proton impact
are compared with the present Born and VPS approxi-
mation results as well as the close-coupling calculations
of Scholler and Briggs. Obviously, the Born approxi-
mation is yielding the best prediction of the measured
data. It is surprising that although they predict the
correct magnitude and shape of the alignment at higher
impact energies, neither the 4-state nor the 25-state
close-coupling calculations are able to predict the, by
now, well-established minimum ' ' around U„,~

——4. 5.
Since the alignment can essentially be expressed as a ra-
tio of partial excitation cross sections [cf. Eq. (3)], the
overall agreement in Fig. 7 implies that although the
Born approximation overestimates the cross section at
low energies, it predicts correctly the relation between
the partial excitation cross sections. This appears not to
be true for the VPS approximation or the close-coupling
calculations referred to here.

The systematic shift between the experimental curve
and the Born approximation using experimental excita-
tion energy (30.8 eV), has been the subject of consider-
able discussion in the past. Theodosiou et al.
were able to reproduce the experimental curve by assum-
ing that the 3s orbital wave function was radially ex-
panded by the attraction of the incident proton and by
using an energy-dependent expansion factor. Ziem and
Morgenstern performed semiclassical approximation
calculations essentially identical in approximation level
to the Born approximation. Their impact parameter
analysis of the collision dynamics yielded that around
U„~ ——4. 5 the excitation of the target takes place when
the proton is at about 1 a.u. in distance from the Na nu-
cleus, i.e., well inside the 3s electronic cloud with aver-
age distance of about 4 a.u. Thus, one may imply that
the 3s electron wave function should contract rather
than expand. One could, however, also argue that the
electron's passage through a sphere of radius 4 a.u. lasts
a short time, compared to the tota1 collision time be-
tween proton and Na. Therefore, the expansion, certain
to take place at the beginning and end of the collision, is
not compensated by the tendency, over a short time

scale, to contract. This whole discussion dealing with
time-independent fixed-in-space wave functions might be
unnecessary, had we available potential curves and
wave-function values of the system NaH+ treated as a
time-evolving molecule. In the absence of such informa-
tion, I decided to repeat the calculation using the
theoretically obtained excitation energy within the
Hartree-Slater approximation, i.e., 38.2 eV (cf. Table
III), since such a value would be more consistent with
the wave functions used. The new results for both Born
and VPS approximations are also shown in Fig. 7 as
curves PWBT and VPST, respectively. The agreement
of the Born prediction with experiment is impressive.
Even the VPST curve is respectably close to experiment.
A conclusion that might be drawn from this result is
that the transition takes place, in the temporarily formed
NaH+ molecule, at the distance at which the potential
curves corresponding to the target atom in 2p 3s and
2p 3s configurations, respectively, are about 38 eV
apart. Again, this could be proven by a detailed molecu-
lar calculation which is presently not available to this
author.

Figure 8 compares the experimental and theoretical
alignment values for the case of He+ impact excitation
of Na. As discussed in Sec. II, various levels of approxi-
mation could be made in treating the contributions to
the cross section and alignment from the projectile elec-
tron. The figure shows as a reference the Born curve
B1E for a structureless projectile and experimental exci-
tation energy. Since the experimental setup of Refs. 30,
31, and 46 did not determine the state of excitation of
the projectiles after the collisions, the experimental data
ought to be compared to the quantity o', Eq. (10). The
corresponding curves in the Born and VPS approxima-
tions are shown in Fig. 8 for both cases when experimen-
tal and theoretical energies are used. The feature of
curve shifting, in going from experimental to theoretical
excitation energies, which was observed in the proton-
impact case is also present in the He+ case. We see that
the Born approximation results improve the agreement
with experiment ' when the contribution of the
projectile's electron is fully accounted for. Again, the
theoretical-energy Born curve yields an excellent agree-
ment. the corresponding VPS curve gives also a respect-
able agreement.
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