VOLUME 91, NUMBER 25

PHYSICAL REVIEW LETTERS

week ending
19 DECEMBER 2003

Quantum Coherence in the Time-Resolved Auger Measurement
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We present a quantum mechanical model of the attosecond-XUV (extreme ultraviolet) pump and
laser probe measurement of an Auger decay [Drescher et al., Nature (London) 419, 803 (2002)] and
investigate effects of quantum coherence. The time-dependent Schrodinger equation is solved by
numerical integration and in analytic form. We explain the transition from a quasiclassical energy
shift of the spectrum to the formation of sidebands and the enhancement of high- and low-energy tails
of the Auger spectrum due to quantum coherence between photoionization and Auger decay.
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Recently developed XUV (extreme ultraviolet) light
sources with subfemtosecond pulse durations [1,2] make
it possible to directly observe and control the motion of
valence electrons in atoms and molecules. In first experi-
ments XUV pump—Ilaser probe techniques were used to
“steer” photoelectron packets by varying pump-probe
delay and pulse intensity [3] and to obtain the time-
resolved image of an Auger decay [4]. Although the basic
physical ideas of the measurements can be phrased in
terms of classical mechanics [5], the observed electron
spectra are determined by quantum interference phenom-
ena. In general, pumping, evolution of the excited elec-
tronic states, and probing must be treated as a single
coherent quantum process. In this new type of time-
resolved experiments time-independent approaches of
traditional electron beam or synchrotron spectroscopy
(see [6] for a review) are no longer applicable. Standard
time-dependent methods employing wave-packet dynam-
ics as for Rydberg atoms or in femtochemistry are
inappropriate for the Auger process, where only few dis-
crete levels are involved. Approaches developed for atoms
in strong fields do not address the question of time-
resolved observation [7,8]. As a result, for the interpreta-
tion of the time-resolved Auger measurement in Ref. [4]
an ad hoc model was used, which combined a rate-
equation description of core-hole formation and subse-
quent Auger decay with a quantum theory of laser
probing [9,10]. That model becomes questionable in at
least two cases: (i) at XU V-pulse durations similar to
the Auger lifetime, when a two-stage description by first
core-hole formation and then Auger decay is inadmissible
and (ii) at decay times comparable to the laser period,
when Auger electron spectra show features that are
intermediate between the well-known formation of
sidebands and quasiclassical ‘“‘streaking” of electron
energies [5].

In the present Letter we unite core-hole formation,
Auger decay, and Auger electron streaking by the laser
in a consistent quantum theory of time-resolved Auger
measurement. The primary purpose of the work is to
clarify the role of quantum coherence for the final
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Auger electron spectra. A set of basic equations is derived
that is solved numerically as well as analytically. We find
that in general the time-resolved measurement cannot be
correctly described as a two-stage process of XUV ion-
ization and subsequent independent Auger decay. Com-
parison to the two-stage ad hoc description of [4] shows
that quantum coherence between photoelectrons and
Auger electrons leads to a broadening of observed
Auger spectra.

A scheme of the pump-probe Auger measurement is
shown in Fig. 1. An XUV pulse with photon energy ()
excites a core electron with energy E, to a continuum
energy near W, = E, + (). The vacancy is filled from the
level E, by Auger decay. The Auger electron is ejected
from the level E, to the final energy near W, = E, +
E, — E,. A laser probe pulse modifies the Auger electron
spectrum and spectra are recorded as a function of time
delay Az between XUV and laser pulse.

Our model is based on the essential states participating
in the process: the ground state |g), the set of core-hole
states |h) with one electron in the continuum, and the set
of final states |f) with two continuum electrons. Dis-
regarding for the present discussion correlation effects,
the three states can be written as products of single-
electron orbitals in the form

Laser field

0

FIG. 1. Scheme of the Auger pump-probe measurement
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lg, 1) =10, Hla, )|b, 1), €]
|h, 1) = |k, Dla, DIb, 1), 2)
|f’ t> = |kx’ t>|0, z‘>|kl: t>' (3)

The bound states |0, #), |a, £), and |b, £) with time depen-
dence exp(—itE,), a = 0, a, b denote single-electron or-
bitals with the energies E,, E,, and E, (cf. Fig. 1). The
continuum states |k, #) and |k, ) are Volkov solutions for
free electrons in the XUV and laser fields, respectively,

|k1p l> — efi(l)n(kn,t)ei[kann(t)]-r’ n = L x, (4)
where A, and the Volkov phases @, are given by
t
A= [ eywar, 5)
1 [t
o, =3 [ [k, = A, 0P, ©

and &£,, 7 =1 x denote the respective field strengths.
Double occupation of the single-electron states is ex-
cluded by the construction of our essential states, if we
assume that the XUV photoelectron and Auger electron
spectra do not overlap (k, # k;.) The Hamiltonian is (in
atomic units i = m, = e*> = 1)

A
H(z)=Z——J+Uj+7]

- 2 |I’2 _ r3| - Sx(t)zl - El(t)z3r

(7
with the Laplacians A; acting on the respective electron
coordinates r; Jj=1,2,3, and effective single-electron
potentials U,(r;). The electric fields are assumed to be
polarized in z direction. The laser field will be specified
later and the XUV field is given as

E.(1) = Eo(n)e™ + 7] ®)

with pulse envelope £y(¢). The Hamiltonian (7) neglects
the influence of the laser field on the XUV photoelectron
and the action of the XUV pulse on the Auger electron. We
make the ansatz for the wave function

V(1) = ¢, (1)lg) + [ k) e, 1)l

+ ] d dkP ek, K, DIf), )
with the initial conditions c,(t = —o) =1 and ¢,(t =

—0) = ¢cf(t = —00) = 0.

Using the property of the Volkov states id,|k,, 1) =
[—A/2 + &,(n)z]lk,, 1) and assuming that [0), |a), and
|b) are (approximate) eigenstates of the respective opera-
tors —A;/2 + U; and that the ground state is depleted
little c,(r) = 1 one obtains the equations for ¢, and ¢/

iéa(ko 1) = Dlky 1) + f kI M (K, 1)c (K Ky 1),
(10)
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icp(ky, kg 1) = Mk, )ey (K, 1), (11)
The XUV dipole transition appears in
D(kx, t) = _50(t)eicbx(kx,t)fiz(EOHZ)d(kx _ Ax)’ (12)

where d(K) is the dipole matrix element of XU V-induced
transition. The Auger transition matrix element is

1
M(kb t) = <0x t|<kl) tl T 7

b, Hla, 7). (13)
|1'2 - 1'3|

These equations include a few more approximations. It
is assumed that all single-electron states are orthogonal
to each other. The continuum electrons do not feel the U;
potentials. The latter is a standard approximation in
strong field physics and can be safely assumed to be valid
for electron energies far from continuum threshold. Near
threshold, the most important effect of the atomic poten-
tial is an enhancement of the photoionization yield.
Similarly, we neglect continuum-continuum transitions
between Volkov states. This excludes ‘““post-collision in-
teractions” [6,11] of photoelectron and Auger electron,
which is outside the scope of the present work.

Equations (10) and (11) were solved numerically for
parameters studied in Ref. [4]: XUV photon energy () =
90eV, electron levels E, = —75eV, E, = E, = —15¢V,
and laser photon energy of w = 1.55eV (A = 800 nm).
The |0), |a), and |b) states represent the 3d, 4s, and 4p
orbitals of krypton, respectively. For the questions inves-
tigated here, the exact shape of the electron orbitals is of
little importance and therefore we chose hydrogenic wave
functions with the corresponding principal and orbital
quantum numbers. The radial coordinates of the orbitals
were scaled to fit the approximate spatial extension of the
Kr orbitals and to produce the correct asymptotic behav-
ior for the respective energies. The 4s — 3d transition
singles out the quadrupole term of the electron-electron
interaction and justifies the factorization

MKy, 1) = Quo q(k; — Aj(1))e ™ Wati®ilknn), (14)

where ¢(k) is the quadrupole matrix element for the
transition from |b) into the continuum. The strength
Q.0 of the quadrupole transition |a) — |0) was chosen
as a parameter to control the Auger decay rate I'.

Three resulting laser-streaked Auger spectra are shown
in Fig. 2 for XU V-pulse duration 500 as FWHM and
Auger decay times 200 as, 500 as (1 as = 107!8 s), and
2 fs. The observation direction is parallel to laser polar-
ization. A Gaussian laser pulse with duration of 6.5 fs
FWHM duration and peak intensity 5 X 10! W/cm? was
assumed. The general characterisitcs of the spectra are
determined by the duration of the whole process consist-
ing of XUV excitation and Auger decay compared to the
laser optical cycle of ~2.6 fs. For fast Auger decay the
main effect of streaking is a shift of the spectrum, which
depends on the delay between the laser and the XUV
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FIG. 2. Streaked Auger electron spectra for different Auger life times 7,. XU V-laser delay times are At = 0 (solid lines) and 7/ w
(dashed). Spectra for XUV pulse duration of 7, = 300 as (lower dotted lines) and 700 as (upper dotted lines) nearly coincide with

spectra for 500 as.

pulse. The spectra resemble the streaked photoelectron
spectra of [3]. For slow Auger decay, however, pro-
nounced sidebands of the Augerline are formed. This
regime corresponds to the first time-domain observation
of the Auger decay [4]. The impact of the XU V-pulse
duration on the spectra is relatively small as long as the
variation of 7, is small in comparison with the Auger
decay time.

A more detailed understanding of the streaked spectra
can be obtained from an analytic solution for ¢ ;. We first
derive the amplitude in the absence of the laser probe
pulse. With the assumption that ¢;, is a slowly varying
function and using the rotating wave approximation for
the XUV field one obtains

_d(k,) foo Eo(m) expli(k2/2 — W, — )1

k, 1
ko) ==72 K2/2-W,—A—n—il/2

15)

where 5’0 is the Fourier transform of the XUV envelope
Eo- Auger energy shift A and width I can be calculated in
second order perturbation theory and by Fermi’s golden
rule, respectively. The final two-electron amplitude with-
out laser field is obtained by substituting (15) into (11)

Cf(kx’ kl’ OO) = QaO d(kx)q(kl)s(k)zc: klz)! (16)
where we have defined the two-electron line shape

K22+ K2/2—Q — E, — E})
k2 k}) i= == 1 L ¢
stk ki) K2/2— W, — A +il/2 {17

In the absence of resonances and far from threshold
dipole- and Auger matrix elements d and g are slowly
varying functions of |k, | and |Kk;|, respectively. The shape
of the two-electron spectrum is determined by the
Lorentzian line shape of the Auger decay and by the
spectral envelope of the XUV pulse. The width of
the Auger spectrum is proportional to I'.

A closed form solution for laser-streaked electron
spectra is obtained, when one neglects the impact of the
laser field on ¢, by using expression (15) for ¢;, also when

253001-3

the laser field is present. From a physics point of view, one
does not expect the laser action on the free Auger elec-
trons to affect the core-hole state amplitude c;. We veri-
fied this numerically by suppressing laser action on cy,
which, for our parameter range, changed the spectra on
the subpercent level. In this approximation, one can per-
form all integrations for a cw laser field A,;(r) =
A, sinw(r + At). Neglecting terms quadratic in A; and
expanding exp[iK; - A sinw?] into Bessel functions yields

cf(kx’ kl’ oo) = Qu() d(kx)q(kl)
. k,- A
X m(wAt+7r)J ( ! 0)
D

X sk k? + 2nw). (18)

This formula has a straightforward physical interpreta-
tion. The overall electron yield grows linearly with XUV
intensity due to the linearity of the XUV single-photon
ionization process [c.f. Eq. (17)]. The spectral shape is
modified by the laser pulse. Independent of XU V-pulse
duration and Auger decay time, there is always a set of
sidebands shifted by energies =nw, whose number in-
creases with laser intensity like n ~K; - A,/w. The
width of the shape function s(k?, k7) determines whether
these lines interfere or not. When the lines are narrow,
they do not affect each other and one observes the stan-
dard sideband structure with peak amplitudes propor-
tional to J,. When the lines are broad, interference is
governed by the delay-dependent phases exp(inwAr),
leading to a shift of the center of gravity of the spectrum
across the spectral range as the delay At varies by one
optical period (cf. Fig. 2). The effect is easiest to under-
stand at lower laser intensities, where only n = —1, 0,
and 1 contribute. If, for example, destructive interference
between n = 0 and n = 1 components occurs at Ar = 0, it
becomes constructive at At = 77/w, shifting the spec-
trum from the lower to the upper sideband.

Next we investigate the accuracy of the closed form
solution. Figure 3 shows spectra obtained from Egs. (10)
and (11) and from (18). For the comparison, a cw laser
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FIG. 3. Auger electron spectrum for a 500 as pulse and 500
as Auger life time. The full model (solid line) coincides with
the spectrum using Eq. (18) within the resolution of the plot.
The ad hoc formula used in Ref. [4] (dot-dashed) produces a
narrower spectrum. The curves are normalized to have equal
integral.

field was used and it was assumed that the matrix ele-
ments d and M are independent of A,;. For the given
parameters the results coincide within the resolution of
the plot, which confirms the assumptions made for the
derivation of Eq. (18). We found the same excellent agree-
ment for the whole range of parameters used here. For
general pulse shapes Eq. (18) can be extended by expand-
ing the laser pulse envelope in the form A(¢) = A, +
t,leo + t2ﬂ0/2, where t = 0 coincides with the peak of
the XUV pulse.

To detect effects of quantum coherence in the pump-
probe measurement, we compared our results with the
ad hoc formula employed in Ref. [4]. That formula essen-
tially amounts to setting the hole state amplitude in
Eq. (11) to ¢, (k,, 1) = \/p(1), where p is the population
of the hole state obtained from the rate equations for
XUV ionization and Auger decay. It can be understood
as a two-stage description of first core-hole formation and
then Auger decay, where the decay is not influenced by
the formation. In contrast, in the present quantum model a
record about how the hole state was formed is kept in the
k .-dependent phase ~exp(itk2/2) of ¢, [cf. Eq. (15)]. As
quantum phase coherence between formation and decay is
maintained, the sum of the electron kinetic energies
k2/2 + k}/2 enters the argument of & in Eq. (17).
The final state amplitude ¢, cannot be factorized into
the product of single-electron amplitudes, indicating the
presence of quantum correlations between XUV electrons
and Auger electrons. It is important to note that the phase
coherence is the only source of correlations of XUV
electrons and Auger electrons: no Coulomb interaction,
exchange interaction, or rearrangement of the electrons
are assumed in the present model. Using Eq. (17) one can
see that the degree of correlation is controlled by the
parameter I'7,, with the correlations increasing for I'r, >
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1. In the two-step ad hoc model, the absence of k,
dependence in p removes all coherence between XUV
ionization and Auger decay. The most conspicuous
consequence is that the width of Auger spectra is under-
estimated by the ad hoc model. For I'r, > 1 the discrep-
ancies become severe and preclude a two-stage
description of the process.

The presence of strong correlations between photoelec-
tron and Auger electron energies may be exploited for
streaking of selected parts of the Auger line in case of
very fast Auger decay, when the large width of the spectra
does not allow effective streaking of the whole Auger
line. When one selects a fixed photoelectron energy k2 /2,
the energy correlation that appears in the quantum coher-
ent solution restricts the range of possible Auger energies
to within the spectral width of the XUV pulse ~1/7,,
which may be much narrower than I'.

In summary, the theory formulated here establishes a
basic framework for the description of time-resolved
measurements by the new attosecond pump-probe meth-
ods. We have shown how effects of quantum coherence
can be treated correctly and we have pointed out their
importance for the laser-streaked spectra. The analytic
formula for the amplitudes can be employed for a com-
putationally efficient and quantitatively accurate analysis
of the spectra. In concentrating on the basic quantum
mechanical questions we have deliberately excluded
much of the complexity connected with few-electron
processes in atomic physics. Most importantly, electron
correlation and electron-electron interactions will lead to
various types of shake processes and post-collision inter-
action. Models for these processes used in traditional
atomic spectroscopy can be added to our theory.
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