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Double photoexcitation of He atoms by attosecond xuv pulses in the presence of intense few-cycle
infrared lasers
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We studied the photoelectron spectra of He atoms resulting from double photoexcitation to autoionizing
states by an attosecond xuv pulse in the presence of intense few-cycle Ti:sapphire lasers using the time-
dependent hyperspherical close-coupling method. In its first application we show that the combination of a
weak xuv pulse and an intense infrared laser offers an efficient means for probing states that cannot be reached
by single photoabsorption experiments alone. The method provides an alternative approach of studying Stark
induced states at field strength much higher than that available for a dc electric field. Using parameters from the
presently available attosecond pulses and infrared lasers we showed that the four §2¢jletaibly excited
states of He are prominently excited in such experiments. The dependence of the shape of the autoionizing
states thus generated has been studied with respect to the intensity and the carrier-envelope phase of the
few-cycle laser pulses.
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I. INTRODUCTION time scale. In the energy domain measurements, the effects

Single attosecond xuv or soft x-ray pulses by high-orderOf electron-electron interactions are averaged over long time.

) ) : The result of this average is described very loosely as elec-
harmonic generation from rare-gas atoms with few-cycl

fomnt dq1 h b ted a4, Th &ron correlation. In other words, in energy domain measure-
emtosecond lasers have been reported recdtBl. The o045 the dynamics of electron-electron interactions is com-

a]tctolsecond_ time scale is por%parable to the typ|c|al tllme ica?etely missing. Only attosecond technology can probe, and
of electronic interactions inside an atom or a molecule Wherg, o “sieer the dynamics of the interactions between the

the periods of the electronic motion or the transition times
f th der of hundreds of d few f electrons.
are of the order of hundreds of attoseconds or a few femto- o gy,4y of electron-electron interaction dynamics will

sect())nds. Wl'th such attosecond pulses, r:heyl can be used i@ ajienging. For atoms, it is known that the motion of
probe the electronic motion, o to steer the electronic tranSigy yiq | electrons is mostly governed by its Coulomb in-

tions, i.e., to perfc_)rm coherent con.trol of eIe_ctrons, a_km ©teraction with the nucleus. The effect of the other electrons is
fgmtpsecond or plcose_cond lasers n controlling atomic MO¢e|atively weak and can first be approximated by screening.
tion in molecules. For instance, the inner-shell holes, or th or such situations, it is difficult to observe pronounced fea-

ﬁutomly;lztl_ng statffs oftatomts, molecullefs, otr SOI'dS’d'n gienfert ures that characterize the electron-electron interaction dy-
ave lireimes or fractions 1o several lemtoseconas. In 1act,amics |n the energy domain, this belongs to classes of ex-

'?‘ aAproofl—.?f-pnnu?le gxperm;]er;lthw:th ?tiiosecong putl)ses'periments where electron correlation can be treated
Eje uger |3et|.meho an m;er—s'e_rhoeo Iry]E)tobn a; fe?nperturbatively. Fortunately, there are situations where
. etermined3] in the tlme omain. The result of about 8 IS IS goctron-electron correlation plays major roles in atoms and
in good agreement with the lifetime deduced from the Auger,

idth d by th ditional hiah sion A | molecules—these are multiply excited states where two or
width measured by the traditional high-precision Auger elecy,, e glectrons are excited simultaneously. The simplest of
tron spectroscopy.

. . multiply excited states are the doubly excited states of a he-
When electrons in an atom or molecule are excited, therﬁum atom where both electrons are excited

are various periodic motions, or modes, where the periods Doubly excited states of helium were first systematically

are of the order of hundreds of attoseconds or a few femtoé udied experimentally in the early 1960's when synchrotron

seconds. For example, if one can excite the ground state andiation pecame availabld]. Starting with the ground
the 2o excited state of atomic hydrogen coherently, the elec-

. ) LT : ~~“state, absorption of a photon with energies near 60 eV can
tron is expected to perform dipole oscillations with periods

opulate!P doubly excited states, such asnfy 2pns or
pf a few hundreds atto;ecpnds. Such measurements would ﬁnd, according to the shell-model picture. In this designa-
just another proof-of-principle experiment. It would not offer

- . S tion, for example, for 8np this implies that one electron is
exciting new understanding on electron dynamics in an atoMp, the = state and the other in thep state. However this

As the technology of attosecond light pulses become§hel|-mode| picture is inconsistent with the experimental re-

more mature, a far-reaching goal would be to identify prOb'suIts from Madden and Codling]. It was argued by Fano

Iem§ Wh'ph cannot be proped_ by oth.er means. In particulary co-workerg5] that a better description of these doubly
motions involving electronic interactions are in the sub-fs

excited states be expressed as@+2pns 2snp-2pns and

2pnd series, later called+,” “ —," and pd series, respec-
tively. Only states in the +” series are predominantly ex-
*Contact: xmtong@phys.ksu.edu cited by the photons.
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The “+” and “—" designation of doubly excited states, in this paper we suggest an experiment to study intrashell dou-
fact, has a much deeper significance. It describes the joiridly excited states of He in the combined field of an attosec-
motion of the two electrons explicitly, instead of the motion ond xuv pulse and an intense laser pulse with peak intensity
of individual electrons as in the shell model. In analogy toof the order ofl,=10 W/cn?. This would correspond to
the mechanical motion of two coupled springs, the pair ofelectric field of about 10V/cm, two orders higher than the
electrons in the 4" states performs in-phase oscillations gyailable dc electric field.

where the two electrons approach or recede from the nucleus hjle the present suggested experiment does not exploit

together. For the =" states, the oscillation is out-of-phase he attosecond nature of the xuv pulse, such studies are very
where one electron approaches the nucleus while the other y, \,riant in order to test the theoretical and experimental
moving away, and vice versa. The effect of these in-phase q
out-of-phase motions between the two electrons is reflecte,
by their drastically different decay lifetimes and photoab-

Zﬁ:jpgz?.gfr.%azglgtlrisé'ti\(/)vr:tgr%ttt)?b?;%g?] %lélsperso,bselgcgilrré—cp;r;af ormed. With the introduction of an intense few femtosecond

the time domain. Besides these radial stretches of the tw&>" pglse_s overlapping with the at.tpsecond xuv pulses, the
electrons, the two electrons in doubly excited states can alsgHtoionization process can be modified at the control of the
execute bending vibrations, where the angle of the two elecexPerimentalist, through the change in laser intensity, pulse
trons with respect to the nucleus can be approximated bigngth, and the time delay between the two pulses. Since the
bending vibrational quantum numbers. These modes are eXuV light and the laser are coherently related, the carrier
pected to have periods of the order of sub-fs to a few femenvelope phase will play a crucial role in determining the
toseconds as well. electron spectra. With the many knobs available to tune, it is

Many theoretical mode|§_10] have studied such inter- hoped that the dynamiCS between two electrons, inClUding
nal modes of the joint motion between the two electrons fothe autoionization itself, can be probed and eventually con-
doubly excited states. Still the main question is how sucHrolled in the future.
modes can be revealed in actual experiments? Existing ex-
periments involving attosecond Iight pulses used xuv-pump Il. THEORETICAL METHOD
and few-cycle laser probe technique where photoelectrons
generated by the xuv pulse are steered in the laser field for Generally speaking, the dynamics of a two-electron he-
different time delays between the two pulses. How can thdium atom in the external field can be studied by solving the
internal stretching and bending modes between the two eledollowing time-dependent Schrddinger equatitn atomic
trons be probed using such a technique and how would thenitsm=2=e=1)
electron spectra reveal such modes? In the absence of experi-
mental 'data, it i_s desirable to perforrp t'heoretical s_imulgtions i—W(r,rt) =[Ho(r 1, 2) + Ve T¥(r,r5t), (1)
by solving the time-dependent Schrddinger equation directly ot
for guidance. with

Direct solution of the time-dependent Schrédinger equa-
tion for helium atoms in an intense laser field has been re- Vi 2 V; 2 1
ported by a number of groudd1-14. These calculations Horpra) === —=- 2"~ PP (2)
f o : . 2 2 1y ry-ry
ocused on the double ionization cross sections by the in-
tense lasers. For the present purpose, it is essential that tdere the wave function is expanded as
equation be solved accurately such that doubly excited states 1
are well described. In this paper, we present th(_a theoretllcal W(ry,rpt) = —< > [firur)Quwlyly)
method we have developed based on propagating the time- Fara\in,#1,
dependent wave function in hyperspherigda$) coordinates. 4 (= DA (ror 1)1 1)]
In the HS system, there is only one radial coordinate—the 20 DY RILMU2 L
hyperradiusR, tr_\us the calculation can be confined to a large + > fj(rlaert)QLM(IZall))- (3)
hypersphere with some cutoff radius, analogous to what one jlq=ly
would do for a one-electron system. To test that the methogjj_|
can indeed accurately describe the atomic structures, includ-
ing doubly excited states, we have applied the method in an A=l +1,+L+S,
earlier paper where we calculated the energies and widths of
doubly excited states formed from photoabsorption in an in- . .
tense static dc electric field. With the highest electric field of Quu(lylz) = > <I1m1I2n12|LM>Y|lm1(r1)Y|2m2(r2).
the order of 100 kV/cm, many interesting Stark induced M2
doubly excited states were observed in the experiment of Here, i stands for the collection of quantum numbers
Harrieset al.[15]. However, such dc Stark effect can probe LM(l1,1,). Ve, (1) is the interaction between the electrons and
the n=6 and 7 doubly excited statédl¢n¢’) below theN  the external time-dependent field. Directly solving the above
=2 threshold of Hé only. To study the Stark effect of the equation is still a challenge for the present supercomputers.
2¢2¢' intrashell states, the needed high static electric field i¥Ve will focus on a laser-assisted photoionization process in-
not available. As another test of the theoretical method, irvolving only single ionization and doubly excited states. In

ols under development. The attosecond xuv pulse is used
ere not only to provide a broad band of photon energies, but
Iso a sharp start time where doubly excited states are first
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such a case, we can solve the above equation using the hy- ry
perspherical close-coupling method. In hyperspherical coor- tang= r_z ()
dinates, we define
fi(rurat = 2 FLROOLR 6,DNR, (6)
R= \,r§+ r%, (4) Now, the total wave function can be expressed as

1
1 SERY xS E[QZ(R, $,DQum(l112) + (- DAQLR, 72 = ¢,)Quw(lo D], 1 #1,

V(R ¢, T, t) = g ———
R><cos¢ sin ¢a,L i Q;(R,(b,i)QLM(Ilan)i |1:|2

= ; L AL
- R5/2 COS¢S|n d)aE’L Fa(th)Qa(R, ¢) (7)

If we discretizeR by a pseudospectral method, we can fur-lated once for all. The nonadiabatic couplings between the
ther write channels are treated by the smooth-variable-discretization
(SVD) method developed by Tolstikhiet al.[16]. The adia-
2 FLRY =2 Cre(g(R), (8)  batic potential curvesU(R) and the channel functions

. _ _ _ 6';(R, ¢) are obtained by solving the coupled equationgin
with gj(R) being the pseudospectral basis function. If weThe time propagation is performed by the generalized time-

choose{R} as the set of canonical coordinates, then dependent pseudospectral method in the energy representa-
1 =i tion [17]. Here we chosér,,,=1000 a.u. to avoid the need
(R :{ J - J_ . (9)  of worrying about reflections from the boundaries. Both the
0 j#j xuv and laser pulses are so short that the field is well over

before the ionization wave packet reaches the boundary. The

With th ral is, W n rewri S L .
th the pseudospectral basis, we can rewrite @as photoionization probability is extracted by the-matrix

0 e ' AL L La method[18].
'Ecj (= Z, Tj,i'sjy,J’ CJ" (1) + UL (R)C() If we choose the initial state as the ground state of He and
@l the external field is a combination of attosecond pulse and an
+TED) S DZ";’,(R]-)C}'/'“'(t). (10) ultrashort laser field,
Lo E(t) =E,g @ 272 coqw,) + Eg @I 272 codwt+ ),
Here (14)
T ., = [_}d_z} (11 We can calculate the transition probabiliB(w) from the
= 2dR |’ ground state to the single ionization and to doubly excited
states. Herd is the carrier envelope phase. To compare with
, w2 __ — the conventional photoionization cross section, we define an
Sfi‘f :f Q';(Rj,q’))ﬂa,(Rj,,cp)d(b, (12)  effective photoionization cross section by
0
47w P
olw) = TP 15
LL' L P c Aw)
D:L. (R = | QLR ¢)DOL(R ¢)dd
2
= Aw) = ”iEX(e—éw— 1A=l + g?l4)?.
= Rf Q5(R, ¢)(sin ¢ cos 6, 4
+cos¢ cost) 0L (R ¢)dp. (1) lll. RESULTS
U'&(RJ-) is the eigenenergy at fixeﬂj and channek. Note A. xuv photoionization with and without the laser field
that in the above equations, onI;}'“(t) depends on time. All The time-dependent hyperspherical close-coupling

the other quantities do not depend on time and can be calcumethod outlined above allows us to calculate the photoelec-
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FIG. 1. (Color onling The He photoionization cross section  FIG. 2. (Color onling Laser assisted photoionization cross sec-
with or without the laser fields. For better visualization, we upshifttion of He decomposed into different total angular momenta. The

the field-free cross section by 5 Mb. The laser intensity is in the unifaser intensity is 3o and §=0. The vertical dashed lines show the
of 15=102 W/cn?. energy positions of the four singlet doubly excited states@t2.

magnitude higher than the laboratory static dc field. Thus it

tron spectra of He atoms in a short xuv pulse, with or withouts relatively easy to observe new resonances if the photoab-
the presence of an intense infrared laser field. Here we chos@rption of xuv pulse is performed in the presence of a mod-
the xuv pulse duration full width at half maximum, erate intense laser pulse. This type of Stark effect has not
=0.2 fs, with central photon energy,=60.0 eV. The laser been addressed previously in the simplified laser-assisted
pulse duration is taken af=5.0 fs, with central wavelength photoionization theory based on the strong-field approxima-
at 800 nm. In the actual simulation, we choose the xuv intion so far[21,22.
tensityl, =102 W/cn?. Note that the cross section does not In Fig. 2 we analyze the spectral range of 58-62 eV
depend on the xuv intensity. where intrashell 22¢’ doubly excited states of He are lo-

To test the accuracy of the theoretical method, we firscated. We decompose our calculated photoelectron spectra in
turn off the laser field and propagate the time-dependerf€’ms of partial wave contributions. The laser intensity Ig 5 _
wave function for a long time before it reaches the boundaryWith 5-fs pulse duration. Note that such a short pulse laser is
The calculated photoionization cross sections, from(gg), ~ already available[23]. Different from the conventional
as shown in Fig. 1, are in good agreement with our owrPhotoionization spectra, due to the presence of the laser, we

1 .
calculations carried out using the time-independent methocﬁizcr)ngﬁtnurﬁbssgt\éi tlhn&thaengreZeﬁ?dsir%tSIZ:i:Agrt]gg iggELaurum
The latter are in good agreement with other theoretical cal; ackground mainly transferred to thechannel. Thes chan-

culations and with the high-resolution photoabsorption dat el has less contributions apart from the new resonances. As

of He from Domkeet al.[19]. In this spectra, the first peak a matter of fact, the sharp peak around 62 eV comes from

has been labeled using the conventional notation, as thg 21 ; ; [P
. 1 S. Since this state has the longest lifetini®40 f9
2s2p 1P° state. The pronounced series of peaks are the h|ghrg$nong the 22¢’ states, this resonance is very sharp. The

membgrs of the +” series. The small qup slightly below Auger lifetime of 2?'Sis 7 fs, which is comparable to the
63 eV 1S the first member of the=" series, or the(2s3p  |4ser pulse duratiof fs). Thus it is not easy to observe the
—2p3s) "P° state. Note that we plot the spectra in terms ofresonance structure of this state. The resonance position of
photon energies for convenient comparison with high-2p21p s very close to the laser-freesZp 'P peak so it is
resolution photoabsorption measurements. For the 0.2-fs XUy|so difficult to resolve it.
pulses used here, the photon energy covers a broad band, A few words about the calculations. To ensure conver-
thus what is measured is actually the electron energy. gence we have chosen the maximum total orbital angular
We next turn on the laser field. From the lower curve inmomentumL up to 9 and for each., the hyperspherical
Fig. 1 we note that many additional resonances or doublyhannels below theN=1 and N=2 limits of He" are in-
excited states are induced when a laser of intensity Igfi§  cluded. For less accurate calculations, the channels included
added on top of the attosecond xuv puls® time delay can be significantly reduced. They were added here to ex-
between the twp The electron spectréout shown in terms  pjore the computational needs of the method. For example,
of equivalent photon energieare analogous to the photoab- for the calculations described above, each calculation takes
sorption spectra of He in a static electric field, except that theyhout 24 h on moderate supercomputers. The advantage of

highest static electric field that can be reached for such eXhis method is that with one calculation, we can obtain the
periments is of the order of $0//cm [15]. At such fields, \whole spectra.

the Stark effect can be seen only for the higler6,7)

Rydberg state§15,20. On the other hand, even for a mod- B. Laser intensity dependence

erate laser intensity of g (Io=10"2 W/cn¥), the peak elec- In Fig. 3 we show the dependence of laser-assisted pho-
tric field is already 6<10’ V/cm, nearly three orders of toelectron spectra on the intensity of the laser. All the param-
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FIG. 4. (Color online Dependence of laser-assisted photoion-
ization cross section of He on the carrier envelope phase of the
laser. The laser intensity isl3. The vertical dashed lines show the

- iti f the f inglet doubl ited states@t2.
eters are the same as in Fig. 2 except that the peak laser OY Postions ot the four singlet doubly exciied states

intensity has been varied from 0 to 1, 5, andld0In the 1 ) )
57-63-eV photon energy region, the presence of {he'Q the .252 S resonance changes drast|cally depend!ng_ on the
state is most prominent. Its sharp structure is due to its Iongwarrler phase—again a consequence of its short lifetime and
lifetime. Its Lorentzian shape again is a consequence of it at the drlft velocity from the laser field depends critically
long lifetime—the state decays long after the laser and xun the carrier phase of the laser pulse.

pulses are over and thus there is little interference with the
continuum. On the other hand, the Stark field induce&d's
resonance is broader and appears to be weaker. It exhibits
windowlike Fano resonance shape and the shape varies Wim
the laser intensity. This is the result of general interference
and of its short lifetime, thus it decays in the presence of th
driving laser field.

FIG. 3. (Color online Laser-assisted photoionization cross sec-
tion of He with laser intensities at 0, 1, 5, and k0 respectively.

IV. SUMMARY AND CONCLUSIONS

In this paper we described a different method of solving
e time-dependent Schroédinger equation for a two-electron
tom in a combined xuv pulse and an intense few-cycle laser.
he two-electron wave function is expressed in hyperspheri-
From the analysis o the calculation, thg*20 resonance (% FORCRRER O ST O B Y on -
is clearly populated as well. Since it is very close to the ype exp . y

1 . . . namics can be examined at hundreds of attoseconds

2s2p “P state its features cannot be clearly seen in the figure, . ;

. . . resolution. In an earlier papg¢R0] we have tested the nu-

Careful observation of Fig. 3 also shows that the OSCIIIatormerical accuracy of our approach by studying tHe (n
strength of the &p P decreases with increasing laser inten- y bp y ying

sity, as its strength is being shared by the other states. T}Eeej) doubly excited states of He in a strong dc electric

laser intensity has been chosen such that direct ionizatio eld. That study confirmed that the atomic structure of dou-

from the ground state by the laser is negligible such that th ly excitgd states can be accurately calculated using the hy-
total oscillator strength by the xuv pulse is just redistributedperSpherlcal method. In the present paper, we performed the

with the resonances as well as the “continuum” electrons. M€ de'”f.‘a”dmg calculations by_directly inte_grating th? two-
electron time-dependent Schrédinger equation. As a first ap-

plication, we studied the{2¢’ resonances of He populated
in a combined attosecond xuv pulse and a few-cycle Ti-
For the short laser pulses at 5 fs the carrier-envelopgapphire laser. We investigated how the electron spectra and
phase, or simply the carrier phase, is important. In combinthe strength and shape of the Stark field induced resonances
ing the xuv pulse with the few-cycle laser pulses, differentdepend on the laser intensity and the carrier phase of the
carrier phases would give different combined electric fieldsfew-cycle laser. While the present study did not take advan-
Figure 4 shows the laser-assisted photoionization spectra ange of the time structure of the attosecond xuv pulses, we
different carrier envelope phas& Increasing the carrier are ready to performab initio calculations to study the
phase is equivalent to reducing the instantaneous dc fielglectron-electron dynamics involving doubly excited states

strength at the peak of the x-ray pulse. Thus thg'8peak  where electron correlation is known to play a major role
strength also decreases. Meanwhile, as we increase the c#iom the energy-domain studies.

rier phase, the drift velocity also increas@ecall the drift
velocity is 90° out of phase with respect to the electric field
which will transfer more of the oscillator strength of the
2s2p 'P to other channels. Thus the peak strength of this This work was supported in part by the Chemical Sci-
state decreases as the carrier phase increases. The largestes, Geosciences and Biosciences Division, Office of Ba-
increase is for the 90° carrier phase where tpé'D state  sic Energy Sciences, Office of Science, U. S. Department of
can be observed. The calculation also shows that the shape bhergy.

C. Carrier-envelope phase dependence
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