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Oscillations in the Energy Dependence of the Angular Distribution of Photoelectrons
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(Received 19 November 1970)

It is found that the angular distribution of photoelectrons from the argon 4d subshell
oscillates as a function of energy for the first 150 eV above threshold.

The angular distributions of atomic photoelectrons are currently being studied by refined experimen-
tal techniques' by a number of groups. ' " Apart from its importance as a tool for obtaining informa-
tion on atomic properties, photoelectron spectroscopy also provides information on the phase shifts
of the continuum states as well as the matrix elements relevent to the photoionization process. In this
Letter we describe one aspect of the angular distribution of atomic photoelectrons, previously unre-
ported, which looks to be worthwhile for future studies.

The differential photoionization cross section for unpolarized incoming light is given, in the dipole
approximation (which is excellent for low-energy photons), by""

do'(e)/dQ = [0'r(s)/4r][1-s P(E)Ps(cos8)],

where e is the photoelectron energy, o'r(e) is the total photoionization cross section, and p(e) is the
asymmetry parameter; the angle between the photon and photoelectron directions is 0, and

P, (cos8) = —,'(3 cos'8-1).

Using single-particle wave functions and JS coupling, it is found that the asymmetry parameter is"'3

l(l-l)R, ,(e)'+ (l+ l)(l + 2)R, +,(e)'-6l(l+ l)R, ,(s)R, +,(e) cos[5, +,(e)-5, ,(e)]
(2l + 1)[lR, ~(E) + (l + 1)R„,(s) ]

(2)

with the dipole matrix element

R„,(~)= JP„,(r-)rr , „,(r)dr-, (3)

where r 'P„,(r) and r 'P, „,(r) are the radial
parts of the wave functions of the initial and final
states of the photoelectron. Here the 5», (e) are
the phase shifts of the I + 1 continuum functions
with respect to free waves. The variation of
P(e) (and, thus, the angular distribution) with e

is seen from (2) to depend upon the dipole matrix
elements and the continuum phase shifts; when
one or more of these quantities exhibits a rapid
variation with energy it is likely that P(e) will as
well.

To illustrate, we have performed a calculation
on the 4d shell of xenon using a central field ap-
proximation. " Recent experience has shown that
this type of calculation predicts angular distribu-
tions very close to those of the much more so-
phisticated Hartree-Pock self-consistent-field
approximation. " We have chosen this case for
two reasons: First, Xe is a monatomic gas so
it is amenable to experimenta1 investigation;
second, the dipole matrix element and phase
shift of the 4d-sf channel vary rather rapidly
with energy, the matrix element even changing
sign and going through a zero at -75 eV above

threshold. The result of our calculation is shown
in Fig. 1 where the oscillatory behavior of P is
clearly exhibited. This oscillation follows close-
ly the oscillations of cos[5„,(e)-5, ,(e)] whose
argument changes by -5w/2 from threshold to 4

Ry. For the first rydberg above threshold the
variation is due primarily to the Coulomb-wave
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FIG. l. Asymmetry parameter P (s) as a function of
photoelectron energy & for the Xe 4d subshell.
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phase shift mith respect to free waves; from 1 to
4 Ry it is due mostly to the non-Coulomb shape
resonance effect in the f -wave channel. " Above
4 Ry, the only major variation of P with energy
occurs principally beceuse of the Coopex min-
imum at & 5.6 Ry and the assocla'ted change 1n

sign of R„,. At still higher energies P is a
smooth function of &.

At this point it is vrorthwhile to point out that
this calculation does not treat exchange exactly
and omits correlation and spin-orbit effects
mhi. ch may be important. ' Indications axe that
exchange effects mill not significantly affect the
angular distribution. " As for the other effects,
while they may change the positions of the min-
ima and maxima in P somewhat, it seems unlike-

ly that they could greatly affect the overall oscil-
latox y behavior.

In conclusion, we hope that experimental
studies, as well as fux'ther theox'etical w'ork, miO

provide more information on this phenomenon.

K. Siegbahn et a/. , Nova Acta Hegiae Soc. Sci. Upsal.
20, 1 (1967).

J. Berkowitz and H. Ehrhardt, Phys. I ett. ~21 533.

(1966).
J. Berkowitz, H. Ehrhardt, and T. Tekaat, Z. Phys.

200, 69 (1967).
M. O. Krause, Phys. Rev. 177, 151 (1969), and pri-

vate communication.
T. Carl sons private colTlInunlcatlon
J.%. McGowan, D. A. Vroom, and A. H. Comeoux,

Z. Chem. Phys. ~51 5626 (1969).
H. Harrison, J. Chem. Phys. 52, 901 (1970).
J. A. H. Samson, Bull. Amer. Phys. Soc. 14, 950

(1969).
J. A. H. Samson, to be published.

' R. Schoen, private communication.
R. Morgenstern, A. Nienaus, and M. Puf, Chem.

Phys. Lett. 4, 635 (1970).
J. Cooper and H. ¹ Zare, J. Chem. Phys. 48, 942

(1968).
J. Cooper and H. N. Zare, in ~ctrees in TSe«8~~~+~

Physics, edited by S. Geltman, K. Mahanthappa, and

W. E. Brittin (Gordon and Breach, Neer York, 1969),
Vol. XI C, p, 8&7.

For details of this calculation see J.W. Cooper,
Phys. Bev. 128, 681 (1962); S. T. Manson and J.W.
Cooper, Phys. Hev. 165, 126 (1968).

8. T. Manson and D. J.Kennedy, CheIn. Phys. I.ett. ,
7, 387 (1970).

S. T. Manson, Phys. Rev. 182, 97 (1969}.
'U. Pano, Comments At. Mol. Phys. 2, 30 (1970).

Time Evolution of Simple Quantum-Mechanical Systems.

II. Two-State System in Intense Fields'

%. R. Salzman
Department of Chemist~@, The University of Arizona, 1hcson, Arizona 85721

(Received 7 December 1970)

The Schrodinger equation for a two-state quantum-mechanical system with sinusoidal
perturbation is numerically integrated vrith respect to time. From these results a gen-
eral formula for the induced transition probability (as a function of time, perturbation
frequency, and perturbation strength) is extracted.

There has been a recent surge of interest in
the properties of quantum systems in intense, co-
hexent radiation fields. ' ' %e px esent here those
preliminary results of a more general investiga-
tion which are relevant to this pxoblem.

Consider a two-state system with states IO)

and 11) we introduce an external time-dependent
driving field in the Hamiltonian:

a, l 0& =0, a, l » =a~, l »,
&oI &I0& =&II ~l » =0,

(0l~l»=I„=(ll) I0).

The time-evolution operator in the interaction
representation satisfies the Schrodingex equa-
tion:

Since all the matrices in (1) are two-by-two, it
is a trivial matter to integrate the equation nu-
merically with initial condition Uz(0) = 1. In Fig.
I ere show the induced transition probability,
l(11UI(t) I0) I', as a function of time for several
values of cu/aro, with 5=0 and the perturbation


