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An analysis shows that atomic inner-shell states can be strongly excited by coherently driven
outer-shell electrons. A time-dependent Hartree-Fock treatment illustrates the nature of this non-
linear intershell coupling. A substantial fraction of the absorbed energy can be channeled into

inner-shell excitation.

PACS numbers: 32.80.Rm, 32.80.Hd

Experimental studies? of the coupling of intense
radiation to atoms have indicated that it may be possi-
ble to excite atomic inner-shell levels through ordered?
radiatively driven motions in outer shells.

An analysis of inner-shell excitation,? based on an
analogy with atomic interactions in energetic (v/c
~ %) atom-atom collisions,** has been presented.
Related phenomena involving multiphoton excitation
and the ionization of many-electron atoms in strong
electromagnetic fields have been formally treated by a
time-dependent Hartree-Fock (TDHF) theory.® This
Letter extends that theory to describe inner-shell exci-
tation. We show that, if we assume a coherent (collec-
tive) nonlinear motion of an electronic (outer) shell
produced by interaction with an external driving field,
both the probability for excitation of inner-shell elec-
trons and the quantum-state specificity can be estimat-
ed.
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The laser field is a classical wave given by
E(t) =Ey(¢) coswt, 3)

and the self-consistent Coulomb V. and exchange
VLDA potentials are defined, in the local-density ap-
proximation,® by

Vc(r,t)=fd3r(e2/|r—r|)n(r,t), 4)
n(rt)= ﬁ W, (r,)]?
i=1
VIPA (1,t)=0[n(r)E(n(r))1/dn (1), (5)

in which E,.(n(r)) is the exchange energy of a uni-
form electron gas with the same density. V (r) is the
potential produced by the ionic [Kr]-like core. These
equations are manifestly nonlinear in the applied elec-
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VitV (r)+Velrt)+VEPA(rt) —er-E() |, (r,1).

A simplified derivation of the theory which uses
neutral xenon as an example is given. The n =5 shell
(5s25p°) is designated as the outer shell, and the 44'°
shell, to which the former is closely coupled,’ is denot-
ed as the inner shell. The remaining strongly bound
electrons that form the [Kr]-like core are treated as an
equivalent potential. In the TDHF formalism, the
many-body wave function describing the outer and the
inner shells is given as a single Slater determinant,

‘I'TDHF=2(—1)”ﬁ‘lf,~(r,,m,t), 1)
p

i=1

in which p is a permutation of the indices / of the K
(=18) electrons. The single-particle wave functions
satisfy equations which are, in the dipole approxima-
tion with the neglect of spin-orbit and other relativistic
effects, written as

)

tromagnetic field.

Since the incident electromagnetic field has a slowly
varying envelope, both its amplitude Ey(s) and fre-
quency » remain approximately constant over many
light periods. Therefore, the Hamiltonian, Eq. (2), is
almost periodic with period 7T=2#/w and its corre-
sponding stationary states satisfy the quantum-
mechanical Floquet theorem,®!° as do also the indi-
vidual single-electron wave functions. Thus,

W, (r,t)=exp(—iQ;t)p;(r,1),

¢ (r,t +T)=¢,(r,1), 6)

in which the €, are Floquet exponents with corre-
sponding quasienergies # ;. The functions ¢; can be
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expanded in a Fourier series as
¢,~(r,t)=zncbi"(r)exp(—inmt), 7

a form which shows that Wrpyr is comprised of ex-
ponential terms expl—i(3X,Q; +nw)t] with n an
integer.

We now introduce an important approximation and
adopt a ‘‘shell model’” which separates the treatment
of the outer-shell electrons from those of the inner
shell and assume that the 44'° inner-shell electrons
remain frozen in their ground state. The TDHF equa-
tions (1)-(5) then are written for K =8 with the
inner-shell electrons counted in the core. For a weak
incident field this is a good approximation in xenon
from detailed calculations involving linear-response
theory.'!"'2 The potentials ¥ and VLPA are calculat-
ed with use of only the outer-shell wave functions and
are represented as an external potential U given by

Ul,t)=V(r)—er-E(t)+Vc(rt)+ VEPA (1,1),

(®

k,

k
Uo' U
S(E)=Ul;+ 2 X——27E
" ok kj+ky=n i Eo—E —kifw

with the corresponding Fourier analysis

Ulnt) = 3 Uk(r)cos(kat +8,). )

k=1

Importantly, the Floquet exponent disappears and the
time dependence comes directly from the various com-
ponents of Eq. (7). In particular, if ¥/ has large
Fourier components for indices » =0 and M, V. and
VDA nhave correspondingly large Fourier components
for integral indices occurring between — M and + M.
Therefore, this potential will cause transitions in the
inner shell when the excitation energy E satisfies the
condition £ = nkw for n =< M. The resulting transition
rate, from perturbation theory, is

w(E)=Qn/f)|S,(E)|*8(E — ntw), (10)
in which the transition amplitude S,(E) is calculated

below.
We denote the inner-shell matrix elements of U by

Ut = [d®r (¥, ()| UKD ¥, (1)), an

in which ¥, are a complete set of Hartree-Fock wave
functions for the inner shell, including levels in the
continuum, with r symbolizing all inner-shell coordi-
nates. In nth order, we obtain

Lygl... 1
Ui U, - Ug

..+ X

iy fyeeisS

[n =1 indices]
with the summations denoting the sum over bound
levels and integral over continuum states. In general,
all orders in this expression must be retained, since
the U* are of kth order in the field so that all terms
are nth order. It is clear by inspection that the first
term corresponds to ‘‘internal nth-order harmonic
generation’” while the last one corresponds to
‘“‘lowest-order perturbation theory’’ with the external
field screened by the outer electrons. Perturbatively,
consecutive orders of U* are related by

Uk/Uk_l:/-LosE/AEos’ (13)

in which u. is a typical outer-shell dipole matrix ele-
ment and AE is an energy scale characterizing outer-
shell excitations. Therefore, amplitudes in successive
orders are related approximately by AE./(E;,—E;
— kkEw). Since inner-shell energy spacings are typical-
ly larger than those of an outer shell, higher orders in
the perturbation are generally diminishing except in
cases possibly involving intermediate resonances.
Therefore, if there is a resonance at kfw, a large di-
pole moment can appear at that harmonic frequency.
The behavior of the single-electron wave functions
of the outer shell, ¥,;(r,t), is now investigated. Since
the atomic response in an adiabatically applied mono-

(E;—Ey—to)(E;—E —fw) - (E,— E,—fw)’

(12)

chromatic field is sought, we seek the solution of the
TDHF equations [Egs. (1)-(7), K = 8] that correlates
adiabatically to the 5s525p%'S, ground state. For weak
fields and sufficiently low frequencies, the response of
each electron is similar to that of a harmonic oscillator
with a resonance energy equal to that of the first excit-
ed state fwy (8-9 eV in xenon). Therefore, the per-
turbation parameter from Eq. (13) is

_ _1_ HosEo

B'4 AE

1

a(w)E¢| o}

7|
in which a(w) is the atomic polarizability (per elec-
tron), a quantity which can be calculated by linear-
response theory.!"12 However, the harmonic-oscil-
lator model must be used cautiously, since the poten-
tial is actually anharmonic. A single excited electron
escapes if it is excited above the ionization potential
Vo. For simplicity in the following, we ignore possible
complications arising from autoionizing resonances.
In consideration of the results given by Egs. (6) and
D, if#(Q,+nw) =V, ¢!(r) is a continuum wave
function, but note that this relation has to be modified
in strong fields, as discussed below.!?
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In the harmonic-oscillator model, the amplitudes
|¢/|? are proportional to B" for B << 1, so that the
probability of ionization is in accordance with lowest-
order perturbation theory. For a sufficiently strong
field, B > 1, the higher-harmonic components acquire
large magnitudes, the self-consistent potential be-
comes appreciably modified, and the ionization of the
lowest ¢/ levels can be suppressed.>®!>'* The cri-
terion!3 for the disappearance of the nth channel for
ionization, due to electron trapping by the ponderomo-
tive potential, is )

nhw— Vo(Eg) < Ege
4 me?
in which V((E,) is the ionization energy of the atom
modified by the ac Stark effect. Significantly, both the

(15)

disappearance of the lowest-energy electrons and the
persistance of the higher-energy peaks have been ob-
served® !’ in agreement with Eq. (15). In xenon? at
193 nm, electron trapping of the two-photon (n =2)
peak occurs at an intensity of 2x 10'* W/cm? according
to Eq. (15). However, the onset of strong nonlinearity
arises at an intensity of 1.2x 10! W/cm?, the value for
which B=1 in Eq. (14). The combined effect causes
the single-electron wave function to have a sizable
n =2 component that does not ionize. The n > 2 com-
ponents, of course, will still consist partly of outgoing
waves. If we assume a coherent outer-shell motion, a
reasonable approximation for the bound part of the
TDHF wave function that correlates to the ground
state is a symmetric product of wave functions for the
six 5p electrons of the form®

Y, (r,1)=exp(—iQ,1)[¢2(r) + @} (r)e "+ ¢ (r)e” H']. (16)

The norms of the Fourier components,

P, = [lorm P, (17)
were calculated for a one-dimensional harmonic oscil-
lator with polarizability and resonance frequency corre-
sponding to those of xenon. For an intensity of
4.5%x 10" W/cm? and frequency w =0.7w,, the values
are Py=0.246, P,=0.330, P,=0.234, and P;=0.116,
respectively.

Two important conclusions emerge. First, if we in-
terpret P, as the probability of an individual electron
being ‘‘dressed’’ by n photons, the 5p% shell of xenon
has a sizable amplitude for virtual excitation with
twelve photons,!® an energy sufficient to eject a 4d
electron, at an incident 193-nm laser intensity in the
range of ~ 4x10'* W/cm?. Significantly, this value is
in reasonable agreement with that observed® in the
electron spectrum of xenon for the onset of strong
nonlinear coupling. Second, the results show that the
potential U produced by these electrons contains
predominantly the first and second harmonic com-
ponents. This is exactly the expected characteristic of a
coherent ordered motion of the outer-shell electrons.

An estimate can be made of the inner-shell excita-
tion due to the potential U. The xenon 4d'%-ionization
thresholds are 67.55 eV (4ds;,) and 69.52 eV (4d3),).
When the n =2 terms get large, the dominant lowest-
order terms in the perturbation analysis [Eq. (12)] can
be cast in a form in which the individual terms are
written as (wE,/fAw)?, for which u is an inner-shell
dipole matrix element, £, is the field at 2w induced by
the outer shell, and #Aw is an appropriate energy
denominator. With use of u?= f(eay)*(X#/kw,), with
R =13.6 eV, kw, an inner-shell excitation energy, and
f the oscillator strength of the transition, the square of
the matrix elements of Eq. (11) becomes

E, ) 3
ol p= 22| 42

E, | hw)(te)) 18

722

with E, =e/a.

Bounds for FE,/E, follow. A high estimate,
E,/E,=1.4, is derived on the assumption of an oscil-
lating charge of 2e at 2w, corresponding to the parame-
ters Po=P,=P,=+ for the six 5p electrons and a
mean distance of 1.2a, between the outer and inner
shells. The latter is derived from a density-functional
calculation of xenon.!? A low estimate of E,/E,=0.17
is obtained by scaling of the static shielding field calcu-
lated in Ref. 12 around the position of the peak densi-
ty of the 4d shell (0.8a,). Obviously, better theoreti-
cal knowledge of this number is crucial. Fortunately,
the structure of the excited levels of the 4d'® shell of
xenon is well known.!” Two different classes of terms
are considered, namely (a) those in the continuum
with f=11 and #w; ~ 100 eV and (b) one resonant
level at 65.1 eV corresponding to the 4d!°5s25p°
— 4d°5525p?(2Ds/,) 6p transition with f=0.02. The
latter transition can experience shifts due to outer-
shell ‘‘vacancies’ and the (shielded) external field.
Taking the higher estimate for £E,, we get
[{(|U])|*=0.29 with the continuum as the intermedi-
ate state and |(U|)2="7.6 for the resonant level which
corresponds to ten photons absorbed. The latter value
simply signifies saturation and that the appropriate
magnitude to use is unity.

The simplest perturbation calculation relates the
probability of inner-shell ionization P(Auger) to that
of the absorption P (4w) which corresponds to the ab-
sorption of four photons by a single electron.!> We as-
sume that both these processes have the same density
of final states and the same bound-continuum matrix
elements. This ratio then reduces to a product of four
expressions of the type |(|U|) 2. With the use of the
estimates given above, the ratio of probabilities
P(Auger)/P(4w) =0.15 is obtained. This magnitude
indicates than an appreciable fraction of the absorbed
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energy can be channeled into the excitation of inner-
shell states.!?

A treatment has been presented that calculates the
probability of inner-shell excitation arising from
coherently driven ordered motions of an outer shell.
Consequently, it is important to understand the physi-
cal conditions? governing the existence of a coherent
multielectron excitation of an atomic outer shell. For
this question, TDHF calculations can set a limit. In
the regime for which those calculations predict single-
electron excitations, in particular, close to a resonance,
no coherent excitation will occur. Of course, the
residual interaction among the outer-shell electrons
represents a mechanism for damping of the coherent
motion that requires further investigation. Although a
theoretical framework is known'® which can be used to
appraise these effects, that calculation falls outside the
domain of the TDHF theory.
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