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We show that the correlation dynamics in coherently exaiteably excited resonances of helium can
be followed in real time by two-photon interferometry. Thjgroach promises to map the evolution of the
two-electron wave packet onto experimentally easily asibésnon-coincident single electron spectra. We
analyze the interferometric signal in terms of a semi-di@dlymodel which is validated by a numerical
solution of the time-dependent two-electron Schrodiregpration in its full dimensionality.

PACS numbers: 32.80.Fb, 32.80.Rm, 42.50.Hz

Advances in optical technologies and laser sources in thiga (“PClI effects”) the time evolution of collective two-
past decade led to the production of extreme ultravioleelectron variables such as the dipole or Runge-Lenz vec-
(XUV) light pulses as short a80 attoseconds (1 attosec- tors, or the vibronic motion of the interelectronic angle
ond =10~'® seconds) I-3]. Thus, the direct exploration could be identified]2]. More recently, time-resolved elec-
of the electronic dynamics in atoms, molecules and solidsron “collisions” could be studied in doubly excited Ryd-
in the time domain came into reach. This advance initiatedberg resonances on much longer time scals [For a
a whole new fieldattosecond physicand several pioneer- XUV-XUV pump probe scenario a few theoretical propos-
ing experiments exploiting the novel technologies have alals to guide attosecond-pulse experiments have been put
ready been performed (seé¢-p] and references therein). forward. Hu and Collins 4] proposed to map out the
Most measurement protocols realized or proposed up twavepacket in coherentbingly excitechelium created by
now rely on the interplay of a few-cycle IR pulse with du- the pump pulse. They performed ab-initio calculations for
ration of a few femtoseconds and the synchronized (singléhe double ionization by the probe pulse as a function of
or multiple) attosecond XUV pulses produced by it. Sub-delay timer and showed that the total double ionization
fs time resolution is achieved through nonlinear effects designal oscillation directly mirrors the radial breathingm
pending on the instantaneous IR field strength (such as tution in the singly-excited state manifold. This scenario re
neling or streaking). However, the direct analogue to femgquires, however, a two-color XUV-XUV pump-probe se-
tosecond pump-probe spectroscopy in chemistry on the attuence. Morishitat al. [15] showed, within lowest order
tosecond scale, i.e., excitation of an electronic wavegiack perturbation theory, that the correlated motion of the two
by an attosecond pump pulse followed by an attosecondlectrons in a wavepacket among thaubly excitedstates
probe pulse to take snapshots of the ensuing electroni®©ES) of helium can be resolved by an XUV-XUV pump-
motion remains to be accomplished. One obvious diffiprobe scheme provided that the full six-dimensional two-
culty is that current attosecond XUV pulses based on highelectron momenta of the ejected electrons are resolved in a
harmonic generation (HHG) had, up to now, insufficient in-kinematically complete experiment.
tensity to efficiently realize multi-photon pump-probe pro  In this letter we present a novel single-color XUV-XUV
tocols. Very recently, however, significant increases innterferometricoump-probe protocol that allows to follow
HHG efficiency have been reportedP]. Therefore, at- the correlated two-electron motion in doubly excited state
tosecond XUV-XUV pump-probe experiments, which havein real time by observing only (relatively) easily accessi-

been dubbed the “holy grail” of attosecond physkjsill ble integral and non-coincident experimental observables
likely be realized in the near future opening up a new stagdo map out the electronic dynamics we exploit the inter-
of attosecond science. ference between three two-photon double ionization path-

This experimental perspective challenges theory to idenways (se€-ig. 1) in a fashion which greatly enhances the
tify observables readily accessible in the experiment thabbservable signal.
map out non-trivial wavepacket dynamics of correlated We solve for the proposed scenario the time-dependent
electronic motion. The paradigm system for correlatedSchrodinger equation in its full dimensionality, incladi
electron dynamics in real time are manifolds of coherentlyelectronic correlations without further approximatiossd
excited doubly excited states (i.e., resonances) in heliunj16]). The numerical parameters were chosen to ensure
Pioneering experimentd(), 11] utilized collision excita- convergence. The XUV pulses haveia® envelope with
tion by charged particles as pump and the velocity of posttotal duration ofl fs, a FWHM 0f390 as, and a central en-
collisional energy shifts as probe. From the velocity de-ergyw of 65.3 eV. All calculations presented in the follow-
pendence of the angular differential autoionization specing were performed for peak intensitiesidf> W /cn? for
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FIG. 1. Three-path interferometer for attosecond two-phot With @ peak-to-peak delay of = 1500 as. The white lines de-
double ionization probing the coherent dynamics in doubly e limit the spectral window without contamination by sequaint

cited states (DES). The three paths3, and~ are represented by contributions. The diagonal oscillationsdn+ e- result from the
blue, green, and red arrows, respectively (see text). feramice  Interference between pathwaysand + . The complex inter-

areasAE+: Area 1 (light-green) is delineated by (quasi-) bound férence pattern within the “sequential” peakgat- /;,w — /o)
states and is stable under average eydor ). Area 2 (in light- 1S primarily due to interference between~, and the sequential

blue) is delineated by the energy= ¢; + e of the two-electron ~ Pathway with one photon from each pulse (see text).
continuum state and varies rapidly under variatiom;0for ¢3).

fringes associated with patlh and will result in an inco-
rapid numerical convergence. For the experiment, valueerent andr-independent background contribution to the
close tol10*® W/cm? would be desired. We have explicitly observed electron spectra.
checked that our results remain valid at such intensities, For energies close @, €;) = (w — I;,w — I,) and its
three-photon processes and ground state depletion dre stixchange symmetric partn@s — I, w — I;) wherel, and
negligible. I, are the ionization thresholds of His?) and He (1s),

The present attosecond two-photon pump-probe sdhe additional pathway of sequential two-photon ioniza-
quenceFig. 1) of DES can be viewed as a three-path inter-tion, creating first H&(1s) by the pump and then Hé
ferometer, with the time delay between the pulses corre- by the probe (omitted fronfrig. 1 for clarity) gives rise
sponding to the “arm length” of the interferometer. Path to additional rapidly oscillating fringes within the Foeri
corresponds to two-photon double ionization by the pumgproadened “sequential peaks” (s€ig. 2). They can be
pulse which has been the subject of a large number of reemoved by choosing an appropriate spectral window (de-
cent investigations (see e.d.q] and references therein). noted by white lines in the figure) for the one-electron en-
Pathry is its replica induced by the probe pulse delayed by a&rgies within the “sequential” peaks. This spectral selec-
time intervalr relative to the pump pulse. The intermediatetion also removes the one-photon single ionization compo-
pathS represents a proper pump-probe sequence where tinent situated near = w — I; provided that the spectral
first one-photon transition coherently excites a wavepackevidth of the XUV pulse is close to the Fourier limit and
of an ensemble of doubly excited states whose time evadoes not have a significant low-energy tail. Focusing in
lution is then probed by double ionization by the secondhe following on this energy window and integrating over
photon after the delay time. Two specific features of this the energy of the second electron leaves us with interfer-
three-path interferometer, which displays a complex &ing ence fringes that are exclusively determined by the phases,
pattern in the {;, €,) plane of final energies of electran  ¢,, = (E? — Ej)7. The enclosed ared&ig. 1) is de-
and2 (Fig. 2), are key to resolving the DES wavepacketlimited by the two sharp boundaries of the quasi-bound
dynamics. First, pathx represents a “fuzzy” slit. The in- states of resonances (pathwa)yand by the ground state
terference phasA Er represented by the area enclosed inHe(1s?) with energy £, (pathway~). Since the DES
the £ — ¢ diagram Fig. 1) between patly and any other wavepacket encompasses several resonances with energies
path rapidly varies over the Fourier width of the total final E? (m = 1,...), the resulting interference fringes will
energy,e; + €, in the continuum (along the diagonal in display a fast oscillation on the attosecond scale given by
Fig. 2. Any partial trace over unobserved variables, e.gthe average phasg,,(7)), and a slow modulation on a
the energy of one electron, will wipe out any interferencemuch longer time scal&),,,(7) — ¢,./(7), an example of
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lifetime I'~! of which typically exceedg0fs. To coher-

3.2 numerical results ~ x 1 ently excite a manifold of P° doubly excited states in a
semi-analytical model one-photon transition from the Kks?) ground state, pho-
3.1 modulation envelope ton energiesuxuy > 60 eV (or wavelengthS 20 nm) are
required. The spectral width should be of the order of a few
= 3 eV corresponding to an attosecond pulse withy < 1fs.
S Assuming that pump and probe pulses are temporally sep-
X 29 1 arated, the final wavepacket can be written as
< 55 = O leesr D) &
where Hecs is the field-free ECS HamiltonianU® is
2.7 the time evolution operator associated with tlte pulse
(1=pump, 2=probe), and is the duration of the field-free
2.6 ‘ i * * evolution between the pulses. We spectrally decompose the
3 3.5 4 4.5 5 field-free propagation operater =cs™ and retain only the
7 [fs] relevant intermediate states, the initial state = [v)
(pathway~) and intermediate DESS™) = [2snp™)

FIG. 3. Yield of restricted one-electron spectrum.eV < e < (pathwayg). Up to a global phase, the double ionization

28.6 eV) integrated over all emission angles resulting from dou-amplitude at the conclusion of the probe pulse is
ble ionization of He by a pump-probe sequence 26 am pump

- 20nm probe setup from thes® singlet state as a function of (Kly) =& + Z e BEmTRR 2
delay timer between pump and probe. Crosses: full numeri- m
cal solution of the TDSE; blue line: semi-analytical molel 2 \yith K = (kky), AE,, = E,, — E,, andgx =

including doubly excited resonanc@npﬂ, n = 2 — 5, and Fr(2) fr(1) o . .
|2s3p~ ) as intermediate states; green line: envelope of the mod<K|U 19)(g|U™ [o) (for g = f5,7). In the intermediate

ulation of the fast oscillation between pathwas/and-y. step, we use the modified inner prodietm) = (n*|m),
as Hecs is complex symmetric.E,,, (and thusAE,,) is
complex with the imaginary part describing the decay of

S - . . the DES.
which is shown inFig. 3. This interference with the refer- . . pm -
ence wave (pathway) may appear as an unwanted back- Each of the r2n|xed' terms- _’YKﬁK n th? probability
ground signal that overshadows the pump-probe pathwafx = ’<K’_1/’f>‘ oscillates with frequencieRe(AE,,)
3 but, instead, turns out to be the second key ingredierftorreésponding to periods ef 70 as. The superposition of

for improving the visibility of the coherent dynamics along several termspy (1) = >, e **F=7 12, to which only
pathway3. resonances within the bandwidth of the pump pulse con-

The analysis of the interference signal is facilitated by'"iPute, léads to a modulation with frequencies(E,,, —
a simple semi-analytical model, similar to previous ap-Em’) corresponding to periods on the (multi-)femtosecond

proaches for XUV-IR setupslf-19]. In this model for scale Fig. 3)Agiven by the energy spacing between the

the two-photon interferometry we exploit the fact that only DES. Since|Sk|* is proportional to the product of XUV

a limited number of states contributes to the (differejtial ©ne-photon double excitation probabilities and the double
double ionization signal within the energy range of inter-ionization probability from the weakly bound doubly ex-
est. These are the initial state (pathand the intermedi- Cited states, it is three to four orders of magnitude smaller
ate DES within the pump pulse bandwidth (path The than the two-photon double ionization from the ground
latter are resonances embedded in the continuum of He State~ |yk|*. Consequently, the interferometric signal
While the full numerical solution does not invoke an ex-~ Re(yk k) is enhanced by orders of magnitude com-

plicit representation of the DES, the model as well as thyared to the true pump-probe Sig¢§k|2- It appears as
extraction of physical observables of the correlated dynamhe modulation amplitude relative to an approximately con-
ics, (O)prs, are facilitated by the explicit calculation of the stant backgroune 2|y |? (where the factor two takes the
DES. They are determined by arterior complex scaling  contribution|ax|> ~ |yk|? into account). The latter can
(ECS) transformation of the Hamiltonian (cB(] and ref-  pe independently determined from the measurement of the

erences therein). DES can not generally be described yump signal alone in the absence of a probe pulse. In turn,
independent-particle configurations, but require callect the modulation amplitudel ,; follows from

guantum numbers (cf2[l] and references therein). In the

current setup, only a restricted set of DES witl! symme- Ay(r) =4 ‘/ ’YEEBKdK (3)

try is accessed, and we use the traditional but imprecise la- M

bels|2snp™) for brevity. Correlated two-electron dynam- where M is the region of final-state electron momenta in-
ics unfolds in the quasi-bound part of the resonances, thiegrated over: an energy window for electronFig( 2),




FIG. 4. (a) Yield PJ@ from DES and modu-
lation A,;, shown as ratios to the background
yield P5 = 2 [, |yk|*dK from pathsa
and~, for the restricted one-electron spectrum
(17.7eV < e < 30.0eV) from double ionization
integrated over all emission angles, compared
with the DES expectation valuéji*r ;) s.
The pulses €n? shape with2fs total dura-
tion, central wavelengtih9 nm) coherently ex-
cite|2snp™) (n = 3—8) with appreciable prob-
ability. Two-dimensional projections of the
i 0 ‘ ‘ ‘ ‘ ‘ ‘ two-electron wavepacket on the;2, cos612)

0 5 10 15 20 25 30 plane at the maximurtb) and minimum(c) of

712 Jaw] T Ifs] the modulationA ;.

all emission angles of electron 1 and all vectorial mo-well with the simulated modulation signdl,, (Fig. 4) for
menta of electron 2. The modulatiofi,; (7) is the ex- the complex modulation pattern resulting from a pump-
perimentally accessible signal monitoring the wavepackeprobe sequence with a central wavelengtil %hm. We
dynamics in the collectively excited DES manifold, andnote that leaving out the dipole operators, i.e., using the
agrees remarkably well with the (experimentally inaccesexpectation valuéy|ri,’ [v5) works equally well.Fig. 4
sible) direct contribution from the DES pump-probe pathclearly represents signatures of the time-resolved corre-
B, PP = Jus |§K|2dK (Fig. 4). This good agreement re- lation dynamics appearing in the non-coincident single-
sults from the fact that two-photon double ionization in aélectron spectrum.

single pulse produces a “well-behaved” reference wave. i ) ,

Itis now of crucial importance to identify the expectation "€ numerical simulation allows to explore the corre-
values of observables within the DES manifold with which'@ted two-electron dynamics, the projection of which onto
the probe signall ,; approximately correlates. Clearly, be- the single-electron spectrum is monitored Ay;. Snap-
cause of the dipole selection rules the two-photon XUVShots in the(r12, cos 612) plane reveal that maxima (min-
pump-probe scenario will give access to observables diffeiMa) in A, are associated with minima (maxima) in the
ently from those monitored by charged-particle CO||iSionsm.ter—electron|c separation rather than with the onetedec
[10-12]. Key is the observation that double ionization distance f_romthe.nucleus. The Iattgrwould be the hallmark
of DES by absorption of a single photon from the probeOf mean-field (or independent particle) processes.

pulse is mediated by final state correlation. To lowest order | h h h lated d e

perturbation theory, this is the well-known two—step—oned nbslummz_itry(,jwte tavefshO\I/yn ow cobrre ate yr:jagﬂct?,vln

(TS1) process frequently invoked for both photoionization oubly excited states of heflum can be accessed by two-
photon interferometry with identical attosecond pulses.

and charged particle ionizatio@%, 23]. Accordingly, one . X o
electron absorbs the photon energy and ejects the Seco§anpporteql by a full numerical SOIUt'On.Of ;he Schrodin-
ger equation, we have shown that contributions from two-

electron by a collisional Coulomb interaction in the exit hot b i ithi inal I idecde
channel. The amplitude of this process is proportional tfnoton absorption within a singié puise provideeser-

<K(0)\7“_1/l!1/15> whereK , represents the uncorrelated ence wavéhat the signal of interest interferes with and that
final twg-electro,n continuum statg, — p. , + p. » is the greatly enhances the observable signal. The present proto-

dipole transition operator arld’s) is the DES part of the col may provide an avenue for directly observing correla-

intermediate wave packet. The probability for one—photor‘}ion dynamics with qttosecor)d pulses availgble presently o
double ionization of DES with final momenta in the re- M the near future without coincidence requirements.
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