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&lassical binary-encounter calculations using a Hartree-Fock velocity distribution for the bound electrons

have been carried out for electron-impact ionization of alkali metals. The effect of inner-shell ionization, as

well as the excitation of some autoionizing levels, has been included. A satisfactory agreement with recent

experimental observations has been achieved.

I. INTRODUCTION

The electron-impact ionization of alkali metals
(Li, Na, K, Rb, and Cs) has been extensively in-
vestigated by experimental and theoretical ap-
proaches. '9 An elegant discussion on electron-

impact ionization of the alkali metals has been
given by Mcoomell. 0 The experimental observa-
tions' ' ~ indicate that the removal of an electron
from the inner shell, as vrell as excitation of an
inner electron to autoionizing levels, contributes
significantly to the cross section. These contribu-
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tions are more important for the heavier atoms
(K, Rb, and Cs) and lead to appearance of multiple
maxima in the ionization curve. The theoretical
calculations on alkali metals may be grouped into
two main categories: (a) Born approximation com-
putations ' (these are limited to Li and Na) and
(b) classical binary-encounter calculations~~ ~'

using Gryzinski+ or stabler expressions and using
hydrogenic or 5-function velocity distributions for
the bound electrons.

The classical model used in the above computa-
tions did not take into account the indistinguishabil-
ity of the incident and bound electron Iunsymm tri-
cal coQision model) and is not reliable for low in-
cident energies. These difficulties are removed
in the symmetrical collision model introduced by
Vriens. 3 Also, as shown by the computations
with the Qryzinski model, the choice of velocity
distribution2~'25 for the bound electron has very
important effects on the calculated cross sections.
In view of these, none of the above calculations
can be regarded as providing the best classical
estimate of the ionization cross sections. A few
theoretical calculations'6'~ have been carried out
for electron-impact ionization of alkali metals
using Stabler's22 expression and the Hartree-Fock
velocity distribution for the bound electron. Apart
from these, some empirical calculations have been
done by Drawin'8 and Prasad '9.

In the present work we have attempted to ex-
amine the structures in the total ionization curves
of K, Rb, and Cs due to electron impact. Qfe have
used the symmetric model as well as the correct
Hartree-Pock velocity distribution for the velocity
of the bound electron to obtain single-ionization
cross sections. The contribution of inner-shell
ionization has been explicitly included as well as
estimates of cross sections for excitation into
several autoionizing levels.

II. THEORETICAL METHODS

Expressions for electron-impact ionization and
excitation cross sections, including exchange and
interference due to Vriens, 3 are given by

we' ].
Eq+E2+ Ug z U]

E t

lnSI+ Ug U]

with

(
ll

)
E,

ve ( 1 1 2Egi/1 1 1 1
E, +E, + U, , t, U„U„„S~V„" U„'„E,+U, —U, E, +U, —U„i

1 . Q" U~g(Eg + Ug —U„)
3 (E~+ Ug —U~g) (Eg+ U) —U„) Eg + lip U„(Ei+ U) —U i), '

with

Q" = cos 0 ]I U'

velocities of the incident and bound electron, re-
spectively, in atomic units. All the other energies
involved have also been expressed in rydbergs.
In terms of these variables, expressions (1) and
(2) become

where U~, is to be replaced by E, for U„-E, & U~~.
In the above expressions E, is the energy of the
incident electron, $2 is the kinetic energy of the
bound electron, and 8 is the Rydberg constant.
Uq is the ionization potential of the target atom,
while U„and U„.j are the excitation energies of the
level under consideration and the next higher level,
respectively.

We now introduce new variables similar to those
used by Catlow and McDowell 6 and define S = v, /
vo and P = vz/v~. a = vo is the ionization potential
of the target atom in rydbergs. v, and v, are the

with

4 Ia —I 2t2 $4 —1
g2 gZ g I

g2 2 3 $4

2 2
g( ~ 1) lns iso q

Sl2
=cos p ln8

$ g+Q
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with

& 3 u+u] u„

where u~& is to be replaced by S~u for u„~ I u
& u~, . The above expressions [(3) and (4)] have to
be integrated over the continuous velocity distribu-
tion for the bound electron, and the final expres-
sions for these cross sections become

Qg, = n~ f Q)f(t)u dt (wao) (&)

Q, = n, $ Q,f(t) u' dt (mao). (6)

n, is the number of equivalent electrons in the
atomic shell under consideration. The momentum
distribution function f(t) is defined as f(t) =4mt u
p„&(u' 't), where

pni =
2t 1

~ lfnIm(x) [,
q„i~(x) = (,gag g„r„(r)e'"'dr

2w)

is the Fourier transform of the one-electron orbi-
tal g„,fr)=N„~R„,(r) Yq (0), in which R„q(r) is the
analytical Hartree-Pock radial function. Hartree-
Fock radial wave functions for E have been taken
from Synek and Rainis 8 and those for Rb and Cs
from Clementi et al.

HI. RESULTS AND DISCUSSION

The calculated cross sections have been repre-
sented graphically in Figs. 1-3 along with the re-
cent experimental results due to McFarland and
Kinney '" and Zapesochnyi and Aleksakhin. s The
experimental results are in good agreement with
our calculations, lying always within a factor of 2.
Zapesochnyi and Aleksakhin have stated that there
is a gradual shift towards lower energies of the
first yeaks as atomic number increases (this is
not borne out by the figures given in their paper
or the numerical values listed in their table). This
is in agreement with our calculations. They have
compared their results with the calculations using
Gryzinski's method. These calculations are not
able to reyroduce the complex structure of the ac-
tual (experimental) ionization curves. The posi-
tions of the maxima in the calculated curves are
also shifted towards higher energies by a factor

of 2 as compared to the experimental values. Our
calculations are able to explain more satisfactorily
the complex structure and the positions of the maxi-
ma observed in the experimental curve.

In all cases (K, Rb, and Cs) our theoretical cal-
culations show a second maximum arising due to
the ionization of the rip electrons (n = 3, 4, and 5,
respectively, for K, Rb, and Cs). Garcia'5 ob-
tained double peaks in K, Rb, and Cs using
Gryzinski's model with 6-function velocity distri-
bution for the bound electron. McFarland also
obtained double peaks by the use of Gryzinski's ex-
pression with exponential velocity distribution.
The work of McFarland has been criticized by
Prasad, ' who did not obtain these peaks in his
empirical calculation. Tripathi et al. "considered
the valence shell as well as inner-shell ionization
of K but did not obtain the second maximum.

The yosition of the second maximum, in the case
of Cs, obtained by us coincides very closely with
the third maximum in the experimental curve,
but for K and Rb the calculated maxima are at con-
siderably higher incident energies. To understand
this we have to consider the effect of excitation to
autoionizing levels. The existence of anomalous
terms above the first-series limit has long been
known in the spectra of heavy alkaI. i metals. The
doublet levels arising from these configurations
have very small lifetimes and decay into the con-
tinuum of the singly ionized atom. According to
the uncertainty principle these levels will involve
considerable natural width. Encouraged by this
situation, we surmised that the use of the classical
method for calculation of excitation cross section
may be more justified in such cases than in the
other cases where lifetimes are of the order of
10 sec.

A. Cesium

It is clear from Fig. 1 that for incident energies
up to 12 eV, experimental values are in very close
agreement with our calculations, the experimental
values being slightly higher but always within a
factor of 1.2. For energies above 12 eV the cal-
culated values are higher than experimental values
but always within a factor of 2. The experimental
single-ionization curve of the Cs atom as reported
by Zapesochnyi and Aleksakhins shows three pro-
minent peaks at 9.5, 15, and 29 eV, respectively.
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FIG. 1. Ionization cross section
for cesium. Curve 1, present re-
sults including estimated values for
autoionization; the dashed curve
represents only the contribution of
valence- and inner-shell ionization;
Curve 2, Ref. 8. The circle denotes
the measurement of McFarland and
Kinney, Ref. 2(a).
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The peak at 9.$ eV was discovered by them for
the first time. The first peak is due to the ioniza-
tion of the valence-shell electron, while the third
broad peak has been explained as involving the
ionization of an inner-shell (5p) electron. The
second peak at 15 eV has been explained ' as being
due to excitation of autoionizing levels which decay
into the continuum through a radiationless transi-
tion.

The broad peak in the calculated ionization curve
at 12 eV is clearly due to the ionization of the
valence-shell electron and appears at a higher
incident energy than the corresponding peak in the
experimental curve (9.5 eV). The ionization of
inner-shell (5P) electron begins at 13.15 eV (which
is the ionization potential of the 5p electron) and

rapidly increases to overshadow the contribution
of the valence-shell ionization. The combined
effect is to produce a flat peak in the (calculated)
ionization curve at -28 eV. The magnitudes of the
calculated cross sections at the maxima, i.e. ,
12 and 28 eV are, respectively, 8.00mao and
18.82mao as compared to the experimental peak
values of 8.3Vmuo and 11.55xeo, respectively.

A very careful study of the autoionizing levels
in Cs has been recently performed by Nygaard. ~8

It has been shown that there is a multitude of auto-
ionizing levels from 12.3 eV to nearly 20 eV above
the ground state of Cs. The second peak at 15 eV
has been attributed to excitation of the 5p electron
to the autoionizing levels at 12.3, 13.5, 14.1, and
14.2 eV by Zapesochnyi and Aleksakhin. 8 We cal-
culated the excitation cross section for the levels

12.3 and 14.1 eV taking 13.5- and 14. 2-eV levels
as the next higher levels. These cross sections
for excitation were assumed to be the same as for
ionization due to excitation of the autoionizing
levels at 12.3 and 14.1 eV, respectively. Addition
of these two cross sections to the sum of cross
sections for ionization of valence- and inner-shell
electrons increases the maximum cross section
to 22. 65naz but shifts the maximum to somewhat
lower incident energy (26 eV). This large value
of the cross section is a reminder of the essential
limitation of the classical theory to estimate ex-
citation cross sections.

As mentioned earlier, several autoionizing levels
of Cs correspond to doublets and have lifetimes of
the order of 10 ' sec. This would correspond to
a natural level width of -1 eV. It is known that
the presence of quasibound states (otherwise re-
ferred to as resonances) leads to the appearance
of sharp peaks~ in the excitation cross-section
curve. These resonances are characterized by
very small lifetimes, and as the lifetimes of the
autoionizing levels are several orders of magnitude
lower than that of normal excited states, we sur-
mised that the excitation cross-section curves for
these states should also be similar in appearance.
It is very difficult to introduce these features in
classical theory, and so we made a simplifying
assumption. We assumed that each autoionizing
level contributes significantly to the cross section
only for energies within 1 eV of the threshold en-
ergy. So we estimated the classical excitation
cross section taking l U„- U„,z I = 1 eV and for each
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FIG. 3. Ionization cross section for rubidium. Curve
1, present results including estimated values for auto-
ionization, ' the dashed curve represents only the contribu-
tion of valence- and inner-shell ionization. Curve 2,
Ref. 8. The circle denotes the measurement of McFar-
1ew3 and Kinney, Ref. 2(a).

present above 20 eV. Second, the lifetime of this
18.7-eV level is not of the order of 10 sec but
is larger, in which case the excitation cross sec-
tion curve would be more broad. It may be possible
to find the peak due to inner-shell ionization near
38 ev experimentally, by more careful investiga-
tion.

In Fig. 2 classical calculations of Garcia' and

Tripathi et a/. ' have also been shown for compari-
son. Garcia's cross-section values are much
larger than our calculated values and the experi-
mental r esults for incident energies less than 18
eV. Two peaks are observed at -12 and - 35. 5 eV
in his calculated cross-section curve. The cal-
culated values of Tripathi eI; al. are in somewhat
better agreement with the experimental results. 8

C. Rubidium

The situation in the case of rubidium (Fig. 3) is
intermediate between potassium and cesium. At
incident energies up to 15 eV, experimental values
are higher than our calculated values but always
within a factor of 1.5. Above 15 eV, experimental
values are in very close agreement with our cal-
culations, the calculated values being higher but

always within a factor of 1.5. The experimental
single-ionization curve of the Rb atom shows the
first peak at 10.5 eV. The valence-shell ioniza-
tion cross section for Rb is calculated to reach
a peak value of 6. 85wao at 13 eV. Thus, the first
observed peak is reproduced fairly well by our
calculation. The experimental curve shows a
second peak at 24 eV, whereas the peak due to
inner-shell ionization is calculated to be of value
14.56mco at 33 eV. When the excitation cross
sections to the autoionizing levels at 15.3 and 17.2
eV above the ground state of Rb are added, the
second peak of value 16.26waz shifts to 31 eV.
Assumption of sharp excitation peaks and inclusion
of a third autoionizing level at 18.8 eV would
lead to a third peak at - 30 eV. The contribution
to the cross section due to autoionizing levels in
the case of Rb is -3nao. If some unknown auto-
ionizing level is present above 18.8 eV, the agree-
ment with the observed peak at 24 eV would be
better. The experimental curve due to Zapesochnyi
and Aleksakhin shows a clear indication of a
third peak which might be at slightly higher energy
than 30 eV. This may be correlated with the in-
ner-shell ionization, the second peak being solely
due to autoionization. More extensive search of
autoionizing levels is needed for the clarification.
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A general theory is developed to treat two-photon ionization through a single intermediate state in

which an arbitrary degree of relaxation may occur. The method, is set up to probe the parameters

governing the relaxation, by det~&ri~tion of the angular distribution of photoelectrons. The method is

applied to the ionization of Na atoms, through the 3p p„and 3p P ~ intermediate states.

I. INTRODUCTION

This work deals with the photoionization of atoms
by a two-step or resonant two-photon process.
In contrast to the situation described by Goeppert-
Mayer, ' in which a virtua1 intex mediate state of
the absorber is represented as a superposition of
many stationary states, we treat the case in which
the energy of one proton matches closely an in-
terval connecting a normally occupied state with

some electric-dipole-aOowed excited state of the
absorber. This excited state then dominates the
intermediate state of the two-photon absorption
process. Our particular concern is to show how

the angular distribution of photoeleetrons pro-
duced in such a process provides data about the
intermediate excited state. %'e develop a general
theory for atoxns, and apply it to the specific
example of the ionization of Na atoms via the ini-
tial 3~ -SP transition.

The kinds of information provided by the angular
distribution of photoelectrons are of several vari-
eties, as we shall see. One can obtain the ratio
of transition axnplitudes for photoionization in the
two allowed channels that can be reached from the
intermediate state. More important, one can ob-
tain information about the relaxation processes
that oecux in the intermediate state. It was pri-
marily for this purpose that we undertook the in-
vestigation of resonant two-photon ionization, and

it wiB be in this area, we feel, that the method
wiQ be most useful. In the case of atoms, to
which this piece is devoted, the major relaxation
processes are eollisional. However, in electron
ically excited molecules, even in complete isola-
tion, relaxation processes may occur which in-
fluence the angular distribution of photoeleetrons;
future discussions will deal with such processes.

The analysis of angular distributions of photo-
electrons has a venerable history in atomic phys-
ics, although the sub)set, particularly in connec-
tion with multiphoton processes, has been much
more developed in the context of nuclear and par-
ticle physics. General considerations governing
the angular distributions for two-photon processes
were given by Goerzel, ' Yang, 4 and Abragam and
Pound'; Zernike provided explicit expressions for
the angular distribution of photoelectrons px oduced
by a nonresonant two-photon process from hydro-
gen atoms, particularly from the metastable 2s
state. Yatsiv, Wagner, Picus, and McClung' car-
ried out experiments on a resonant two-photon
absorption process in potassium atoms, but the
upper state in their study lay below the ionization
limit. Bebbs determined theoretical transition
rates for two-photon ionization of alkali-metal
atoms, and pointed out that cesium could be stud-
ied as a near-resonant case if it were excited
with the second harmonic of the ruby laser. Then
Risso and Klewe demonstrated the multiphoton


