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The theory of the Auger eff'ect is extended to include the modifications due to the presence of a
strong laser field. The laser makes possible the simultaneous ejection of electrons into many
channels, each characterized by the number of exchanged photons. The laser also introduces a
new physical axis, which reduces the geometrical symmetry of the process. An estimate is given

for the limit of weak fields.

In recent years ionization of atoms and molecules by
laser light has received increasing attention both theoreti-
cally and experimentally. This interest stems from vari-
ous facts both fundamental and applied. One of them is
that bound-free elementary transitions involve both
discrete and continuous states and in principle may be
used as a physical mechanism on which to base spectro-
scopic analysis. Along this line of thought it has been
pointed out' that laser-assisted Compton scattering by
atoms can serve as a technique for measuring the distribu-
tion of electronic momenta more precisely as compared to
the field-free case.

Among the bound-free processes, the Auger effect in
the presence of a laser does not seem to have received any
attention although it can be considered one of the most in-
teresting because in its dynamics a crucial role is played
by the electron correlation. As is well known an atom
ionized in a inner shell undergoes an Auger transition
when it reorganizes its electron conlguration to attain a
lower energy by filling the vacancy with an outer electron.
The excess of energy then is imparted to a second electron
(Auger electron) which is ejected, leaving the atom dou-
bly ionized.

Here we present an outline of the theory of the Auger
effect in the presence of external coherent electromagnetic
radiation. It will be shown that the presence of the field
introduces a relaxation of the usual selection rules which,
in turn, induces important modifications in the angular
distribution of the ejected electron that can be easily mea-
sured. The atom is approximated by two active electrons
moving in the potential of all other electrons assumed to

SI; —i/h(Uf(ri, r2, t) 1
e /ri2 [ %;(ri,r2t)), (2)

the brackets ( . ) indicating integration over time and

over ri and r2. In (2) %'; is a solution of the full

Schrodinger equation

ih —/F(t) e;(ri, r2, t)-0a
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and Uf(ri, rz, t) the solution of

—[lf(t) —e /ri2] Uf(ri, r2, t) 0. (4)

participate only as spectators. To be specific, for the sake
of example, we consider an alkali-metal atom with a va-
cancy in the ls state and we will take the valence electron
as one of the two active electrons. Though the laser
modifies both bound and free wave functions of the active
electrons, for the latter the modifications are expected to
be far more significant.

The starting point is the Hamiltonian of the atom in-
teracting with a classical electromagnetic field in the di-

pole approximation taken in the C. r gauge:

S(t) Hc(t)+eC(t) ri+e4'(t) r2+e /ri2, (1)

where 4'(t) Ccsintot is the laser electric field and to its
frequency; e /ri2 is the Coulomb interaction between the
two active electrons and is responsible for the atomic rear-
rangement, while in Hc we gather all the kinetic and in-
teraction terms not explicitly included in (1).

The exact form of the S matrix of the process is
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As no exact forms of +; and Uf are known, approxima-
tions must be resorted to.

Several methods have been devised in the literature to
deal with the laser modifications of the wave functions of
the bound electrons but in what follows we will assume
that the field is weak enough to leave the atomic states un-
dressed. This assumption is actually not strictly necessary
and is made here only for the sake of simplicity since it
does not change the essence of the reported effect. Bear-

e;(ri, r2, t) [u, (ri)up(r2)+su (r2)up(ri)]
1

xexp[ —i/i'2(E, +Eo)t j . (s)

ing this in mind, if we call up(r) =Rp(r)Ypp(Q) the
valence wave function with energy Ep and u, (r) the
second atomic wave function with energy E„ the initial
state can be written as

According to the parity of the initial configuration, s is l.
Usually, in the Auger effect, the outgoing electron has kinetic energy of the order of keV and in this case its wave func-

tion is expected to be little affected by the residual ion, while in the stage of ejection it strongly interacts with the laser
field. It will be shown later that the modifications in the angular distributions of the Auger electrons affect this interac-
tion significantly. Then, the free-electron wave function is taken in the form of a nonrelativistic Volkov state:
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If the laser field is absent, the Volkov state goes over the
time-dependent plane wave.

The final wave function will be

Uf (ri r2 t ) [ug(ri )Xz(r2, t )1

2

+sug(r2)Z&(ri, t)]exp ——Egt

(7)

with the bare ground-state wave function: ug(r)
Rg(r) Ypp(Q) and Eg its energy. The instantaneous en-

ergy of the free electron in the field is still buried in
Zq(r, t). Using the expressions
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and the integral representation of the Bessel function
Jk(z),
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T2(qiv, H) ug(ri)Aq„(H, r2) u, (r2)up(ri) . (17)
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Here the round brackets ( ) indicate integrations over
ri and r2, A (H, r2) stands for the spatial part of a plane
wave modulated by the presence of the laser:

is the kinetic energy of the outgoing electron after having
changed N laser photons, and obeying the condition
5 qN/2m ~ 0 from which N;„can be obtained. And

I(N, qiv ) J d8r(H, N, qN), (i2)
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the ionization probability per unit of solid angle is found
as A (H, r) exp iqN r+ Cp rsinH

ie
h, to

(18)
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where
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It is mainly the presence of this modulation in the plane
wave which introduces relevant modifications on the selec-
tion rules usually arising when dealing with the field-free
matrix elements which are the counterparts of Ti(qN, H)

and T2(qN, 8). In fact the procedure to carry out the in-
tegrals implicit in (16) and (17) consists in expanding the
plane wave in eigenfunctions of the angular momentum:
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and the relative distance between the electrons:
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Inserting (19) and (20) in (16) and (17), integrals of the general form JdQYI* (Q)Yp (Q)Yi,„(Q)YLM(Q) result,
which are evaluated with the known techniques of composition of spherical harmonics and application of the triangle con-
ditions. In the absence of the laser, I' 0 and rn' 0 and the usual field-free matrix elements are retrieved. The presence
of YI (Cp) introduces into the problem a preferential physical axis, let us say the z axis, which strongly modifies the
selection rules in (16) and (17) which usually force several angular integrals to vanish. As an example, we give an expli-
cit form for Ti(q~, 8) when u, R, (r) Yip(Q), and up Rp(r) Ypp(Q):

Ti(q&, 8) g (—i) '+'
0 0 0 [P(8,11+1)(21+3)v'2l+I YI0(q)+P(8 I+ l, l)v'2l+3(21+ I)Yi+i,o(q)i

(21)

with the radial part of the integrals given by

p oo e@pr2 +r2 ri3
P(8,n, n') dr2r2j„(qNr2)j„sin8 Rp(r2) dri 3 Rg(ri)R, (ri)+r2 driRg(ri)R, (ri)N
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and the quantities (J,"f) representing the usual 3j sym-
bols. As a counterpart, we write the corresponding matrix
element in the absence of the laser:

Tff —i P(0, 1,0)Y p(q) (23)

with

g 2q 2/2ni ~E +Eo E
This procedure applies to T2 as well and gives similar

results. It is evident, comparing (21) and (23), that the
laser interacts strongly with the electron while it is leaving
the atom and introduces severe modifications into the an-

gular distribution even if the field intensity is not strong
enough to alter the atom wave functions.

Already in the weak-field limit of Eq. (10) we can ap-
preciate the modifications induced by the laser on the an-

gular distribution of the Auger effect. This task is accom-
plished by developing X(N, 8,qrv) and the Bessel functions
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is the ionization probability for unit of solid angle in ab-
sence of laser and 8 the angle between q and Cp,

(26)

(27)

I

entering formula (19) in powers of Cp/032 and retaining
only first-order terms. In this case, the integral over 8 in

(12) is performed analytically and yields three Kronecker
b's which force N to assume the values —1, 0, and l.
Therefore no more than one photon can be exchanged
with the radiation field and only three terms survive in the
summation of Eq. (10). In this limit the ionization proba-
bility for unit of solid angle becomes

ff
(1+icos'e)+ a, (24)
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Expression (24) amounts to the perturbative expansion
of the general formula (10), with the laser intensity
present in k and 8. It will turn out that 8«A, so that the
modifications are driven essentially by the value of A,. In
Eq. (24) A, is smaller than 1, but it gives an idea of the
possible trend. Taking for instance X 0.1 we find that
this value is obtained with quite realistic values of the oth-
er parameters of the process, namely, h q /2m 870 eV,
h, co 0.1 eV, Co 4X10' V/cm, and is legitimate to ex-
pect that larger values of the field intensity may be able to
give larger modifications in the nonperturbative case. Nu-
merical calculations of the above integrals require the
choice of suitable radial wave functions for the three ac-
tive states entering the formulas. To check their relative
importance we have evaluated them using hydrogen wave
functions. The results of the numerical work are

ff
(0.7X10' )cos 8 sec

(0.2 & 10s)(0.2+ 1.38cos 28) sec

The last term in (24) is then negligible with respect to the
others, albeit it is the only one surviving in the overall
probability when e 90'.

In conclusion, in the Auger effect, the presence of a
laser field manifests itself through different mechanisms.
Two of them are considered as the most significant. First,

the ejection into the continuum can take place simultane-
ously through many channels, each specified by the num-
ber of photons emitted or absorbed during ionization [see
Eq. (10)]. It will modify the electron final-energy distri-
bution, which is now broader and more discrete. Second,
the presence of a laser field manifests itself through a
reduction of the geometrical symmetries of the physical
process, which in turn brings about interference of many
orbital angular momenta, able to produce sizable effects
in the angular distributions.

In the same spirit as the laser-assisted Compton scatter-
ing, one may conceive of measuring a given Auger transi-
tion with and without the presence of a spectator laser
field. Then the differences in the measurements would

give information on the interaction of the laser field with
correlated electrons, and on the modifications of the
Auger transition. In turn, hopefully, these can be used to
give more precise information on the role of electron
correlations in many-electron atoms.
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