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Coherent control of extreme uv absorption and photoemission by the simultaneous irradiation
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We present a theoretical study on the response of a hydrogen atom to the simultaneous irradiation of
ultrashort extreme ultraviolgixuv) and laser pulses. The calculation is based on the time-dependent Schro
dinger equation. The xuv photon energy is chosen to induce shgpltransition. Our results indicate that we
can transiently reduce the xuv absorption and change the atomic state within a few femtoseconds by injecting
a femtosecond laser pulse. The laser-induced photoemission is affected by the addition of an xuv pulse and its
yield depends much on the temporal overlap of the two pulses.
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The recent progress in obtaining coherent light pulsesffected by the addition of the xuv pulse compared with the
with a shorter duration and wavelength has enabled us toase where only the laser field is applied, and its yield de-
generate laser pulses with a duration of a few femtosecondgends on the delay between the two pulses. The xuv pulse
[1], and the high-harmonic-generatiGiHG) technique can considered in the present study is not necessarily a harmonic
now produce quite intense coherent extreme ultraviodet) ~ Of the laser pulse but includes a wide range of coherent xuv
and soft x-ray pulsef2]. In the HHG medium, the funda- radiation such as x-ray laser and synchrotron radiation.
mental laser beam and generated xuv pulse coexist. It is ex- 10 Study the interaction of a hydrogen atom initially in the
pected that they strongly influence each other, especialigound state with xuv and Ti:sapphire lasefiaf
when the xuv pulse lies at or near an absorption line of the- 1-55 €V) pulses, we solve the TDSE,
medium. However, studies of the effects of their interplay on,

. o ID(r,1)
e.g., xuv absorption and harmonic yield have been scarce. =
When an atom is placed in a laser field, the electronic levels at
are shifted through the ac-Stark eff¢8t-12], and the ion- . . . L .
ization threshold is increased by the ponderomotive effec hereVy is the atomic potentla!, Wh.'Ch IS Qoulomblp fOIT a
-hydrogen atom, and the atom-field interaction Hamiltonians
[13-15. These effects are not only observed as a peak shi Ut the laserH. - and the xuv pulsed~  are
and a fine structure in photoelectron energy spd@&+&,13— T P nXe
15], but should also mgnifest themselves as a cha_mge in xuv Hy x(t) = —2F x(t)sin(e xt), ()
and soft x-ray absorption. Although the suppression of xuv
and x-ray absorption by the laser-induced ac-Sfa#{ and  with F,  being the envelope of each pulse. Here we have
ponderomotive effedtl7] was discussed for relatively long, assumed that both fields are linearly polarized inzlokrec-
low-intensity laser pulses, there exists no time-dependertion. The time scale considered in the present study, at most
study valid for ultrashort, intense pulses, which may bel20 fs, is much shorter than the lifetime of excited levels of
qualitatively different from the low-intensity case. It is also H (e.g., that of the @ state is 1.6 n§19]). and the dephasing
expected that the interplay of the xuv and laser pulses affectéime due to collisions for the case of atomic gases, which is
the photoemission from the atom including the HHG. Al- typically longer than several tens of picoseconds. Thus, we
though its impact on the photoemission yield is a great conean safely assume that the interaction of the hydrogen atom
cern to the HHG experiments, it has not been explicitly studwith xuv and laser pulses is coherent and is described by Eq.
ied so far, while high-order frequency mixing using two laser(1). Equation (1) is numerically integrated using the
pulses was investigatdd8]. In this Rapid Communication, alternating-direction implicit(Peaceman-Rachfordnethod
we investigate the interaction of a hydrogen atom with the20].
simultaneously applied ultrashort intense laser and xuv We first consider the laser-induced change in xuv absorp-
pulses by numerically integrating the time-dependent Schrotion. We can evaluate the number of absorbed xuv photons
dinger equation. Our results show that the atom exhibits &y calculating the decrease of the fiopulation, since under
surprisingly rich response. The resonant xuv absorption cathe conditions of the present study the laser alone hardly
be suppressed during a very short time of laser irradiationexcites nor ionizes the ground-state hydrogen atom and the
The latter also induces transitions between excited levels angultiphoton xuv absorption is negligible. Figure 1 shows the
ionization, which results in a jump of the atomic state. Thedependence of the xuv absorption spectrum on laser peak
laser-induced photoemission from the atom is significantlyintensityl, . The shape of each pulse is Gaussian centered at
t=21.3 fs with a duratiomry | (full width at half maximum
of 10.7 fs, and the xuv peak intensity is 3x 10'° W/cn?.
*Electronic address: ishiken@postman.riken.go.jp In the laser-free casesolid line), the spectrum has a peak
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. . FIG. 3. Evolution of the & population of H when a laser
FIG. 1. xuv a_bsorptlon spectra of a hydrogen atom in the presbulse (r.=10.7 fs) with different values of peak intensity is
ence (_)falaser fieldi{w, =1.55 eV) with different values qf peak injected during a resonant xuv pulseidy=10.2 eV, |y
intensity. Both xuv and laser pulses have a Gaussian pulse:3><1010 Wicr) irradiation.
shape with a duration of 10.7 fs, and the xuv peak intensity is

3% 10 wicn?. L
tion is nearly constant for a few femtoseconds around

di hest2 . 5 q idth =42.7 fs, indicating that the xuv absorption is almost com-
corresponding to thest2p tran§|t|on(10. eV and a W'_t pletely suppressed. Another feature of Fig. 2 is that the 2
determined by the pulse duration through the uncertainty 1€, iation is not frozen even during the laser-pulse irradia-

lar:!?tnd In the”presl()anc% of tg% laser Eulse, Sthe ksp}efctrum 'fon, and that the laser pulse induces transitions between ex-
shifted as well as broadened due to the ac-stark efect. ited levels. Thus, in this stage the atom cannot simply be

Figure 2 presents how the population of several bounq‘;iewed as a detuned two-level system; its response is highly
levels of a hydrogen atom evolves when an ultrashort laseﬁonlinear involving many levels and the continuum

pulse is injected_ durin.g the xuv icr)radiation. The xuv pulse In Fig. 3 we plot the evolution of thesLpopulation for
has a constant |nten3|ﬂ>§<=3x101 W/cmz with a linear different values of the laser peak intendity. Each pulse has
turn-on whose duration is one laser period. The xuv photoqhe same shape as in Fig. 2 dnd-3x 1010 W/cn?. We can
energyh wy is 10.2 eV, which lies near the Ipwer limit of the e that the atomic response exhibits a complicated depen-
Xuv range. The laser pulse sha%e is Gaussian centered at 4 nce onl, , reflecting a highly nonlinear nature of the in-
fs with 7, =107 fs andl, =10"* W/cn¥. When the laser oo cion "It should be noted that for certain values of laser
field is sufficiently weak, thg atom pehaves as a two-leve eak intensity, after the laser pulse irradiation tlsepbpu-
system and unde_rgoes Rabi oscillations: d_urlng the first (Iation first increasegthe xuv pulse is amplifiedin contrast
=25 fs) anpl the finali>60 Ts) stage of the Interaction, the 5 the case in Fig. 2. As the laser intensity gets higher, the
xuv absorption leads to the decrease of th@apulationand o ,ction of xuv absorption begins earlier and becomes
the increase of the 2 population, while the populations of gyonger. The behavior of a two-level system interacting with
the other levels remain unchanggd. In the intermediate stage -herent xuv pulse can be described by the optical Bloch
(25 fs<t<60 fs), the depopulation of thesllevel slows  oqationg21]. In this model we begin with expressing the
down with the increase of the laser intensity, and its populay, ;e function ®(r,t) as a linear combinationd(r,t)

=C(t)P(r) +c,(t)P,(r) of the eigenfunctiond, , of the

0.5 ' ' ' %o 1.0 two levels, and then introduce a vec®mwith three compo-
ey - e 3d nents Ry,R2,R3)=(pa1t p12,ip2a1—ipi2,p22—p11), Where
bl 04 ---5f 109 p21=p1,=CoCi explwyt) and p;=|c|*(i=1,2). Then the
= N of _é” time evolution ofR is given by[21]
Q03] s Jog'E
o ) ' —
& . . .
Z 5 Ri=—AR;, Rp=AR;+pPR;, Ry=—pR,, (3)
Re 0.2} 10.7 =
;; = whereA = w,1— wy With w,q being the transition energy and
& 0.1 los p denotes the properly normalized transition-dipole moment.
- [ Equation (3) has a general solutioR;=A sin(Qt+¢)+C,

0.0 e, (9'5 whereQ = \/AZ+p? is the Rabi frequency, and, ¢, andC

0 20 Tinig(fs) 60 8 are real constants. As can be seen from Fig. 3, one of the

roles of the laser pulse is to change the values of the con-
FIG. 2. Evolution of the population of several levels of H when Stants &, ¢,C), and this jump depends dn .

a laser pulse 4 =10.7 fs, I, =10 W/cn?) centered att In Fig. 4 we show an example of the temporal evolution
=427 fs is injected during a resonant xuv pulsé w of the 1s and 2o population in case the xuv photon energy
=10.2 eV,ly=3%x10" W/cn?) irradiation. hwyx=10.3 eV is slightly detuned from thesi2p transi-
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. . . . FIG. 5. Photoemission spectra from H under the simultaneous
FIG. 4. Evolution of the & (right axiy and 2 (left axis)  laser (,=2x10" W/cn?) and xuv (x=3x10° Wicn?) irra-

population of H when a laser pulsen(=10.7 fs, I,  diation for different values of xuv photon enerdyy . The pulse
=2x10" Wicn¥) is injected during a slightly detuned xuv pulse shapes are specified in the text.

(hwx=10.3 eV,ly=3x10" W/cn?) irradiation.

toemission spectra have peaks at a photon enérgy
tion. Each pulse is of the same shape as in Fig. 2, With =7, +nfw, with n being an even integer, and that the
=3x10" Wicn? and I =2x10" W/cn?. It is striking  |atter peaks are higher than the harmonic peaks. In the case
that the population of 4 and 2 remains nearly constant where the xuv pulse is the seventh harmonic of the laser
even after the laser pulse has been turned off. It follows fronz »=10.85 eV), the HHG itself is enhanced. Another fea-
Eqg. (3) that the population differenc®; is constant ifR  ture that can be seen in Fig. 5 is that the photoemission yield

initially satisfies does not depend much diwy except the shift of the peak
positions. This is because the ac-Stark effect not only shifts
R,=0 and AR;+pR;=0. (4)  but also broadens thep2evel as we have seen in Fig. 1. As

a result, the atomic response to the xuv pulse is strong in a
The atomic state at>60 fs in Fig. 4 corresponds to this relatively wide spectral range. This indicates that the xuv
situation. It should be noted that E¢4) would never be pulse is not required to be resonant with an electronic tran-
satisfied without the laser field since the atom is initially insition for the photoemission enhancement. These observa-
the ground stateR; =R,=0,R;=—1). It is the laser-pulse tions imply that the emission in Fig. 5 can be viewed as a
irradiation that enables the jump of the Bloch ved®into  high-order frequency mixinfL8] enhanced by the resonance
the state satisfying Eq4). This observation, along with the induced by the ac-Stark broadening. We expect a similar ef-
results shown in Fig. 3, suggests the possibility to manipulatéect also in the case where the xuv or soft x-ray pulse is
the atomic state within the interval of a few femtoseconds bynearly resonant with an inner-shell electronic transition of
carefully choosing the parameters of the ultrashort lasemore complicated atoms such as rare gases. We can also look
pulse.

We briefly mention the case whefievy is slightly larger
than the ionization potential. In this case one would expect
that the laser-induced ponderomotive upshift of the ioniza-
tion potential leads to the reduction of ionization and xuv
absorption17]. We have, however, found that the reduction
is much smaller than in the case of resonant xuv pulses. This
is because the xuv pulse is absorbed through laser-assisted
ionization[22] as well as resonantly by high-lying levels.

The HHG from atomic gases irradiated by an intense fem-
tosecond laser is one of the most promising ways to produce
coherent xuv pulses. Let us now discuss how the application
of an additional xuv pulse affects the HHG, or more gener-
ally, the photoemission from a hydrogen atom. In Fig. 5 we
show photoemission spectra for different values faby
along with the result for the case where only the laser is
applied. Both pulses consist of a linear ramp for five laser G, 6. Total power of photoemission from H &to> 7.5 w,
cycles followed by 15 additional cycles at a constant inteN{normalized to unity att="50 fs) vs delayAt of the laser pulse
sity 1x=3x10" W/en? and | =2x10" Wicn?. The  (7,=10.7 fs, I =2x 10" Wicn?) with respect to the xuv pulse
spectrum is obtained from the Fourier transform of the dipolg1,=3x 10 W/cn?). Inset: the derivative of the total photoemis-
acceleration during the last five cycles. We can see from thision power with respect tAt (normalized to unity at the peak of
figure that, in addition to the usual harmonic peaks, the phoeach curvg

031403-3

IIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIIIIIIII|II

[ Xuv pulse width (FWHM ]
1.0 JE— 2_3 fs ('.“_', ...... -_)___.
seenee 10.7 fs
— 160fs +

0.8

0.6

0.4

e ==g

e 0.0 L
e 0 10 20 30  40]

0.0 M EEETEREERA R RRE RN NI FRENERNERI ANENE AN NI ARRTE AT

0 10 20 30 40
Delay of the laser with respect to the xuv (fs)

Normalized photoemission power




RAPID COMMUNICATIONS

KENICHI ISHIKAWA AND KATSUMI MIDORIKAWA PHYSICAL REVIEW A 65 031403R)

at Fig. 5 from another point of view as follows. Let us imag- >7.% w, as a function of the intervaht between the two
ine that the xuv pulse is generated by an x-ray laser, whiclGaussian pulses, the photoemission yield is much higher
is, in general, intense but not tunable. Our results suggesthen the xuv pulse ends before the turn-on of the laser pulse
that by irradiating an atomic gas simultaneously with thisthan when both are applied simultaneousht€0). In the
xuv pulse and a laser pulse, we can obtain coherent xuintermediate case, where the two pulses partially overlap, the
pulses whose wavelength is different from that of the origi-yield varies fast, depending on the overlap. In the inset of

nal pulse. This may find an application as an efficient, tun+ig. 6 we show the derivative of the photoemission power

able xuv and soft x-ray source.

with respect taAt. The width of the curves is approximately

So far we have considered the situation where both pulsgsroportional tory, and this may provide a method to mea-
are applied with no delay. When the xuv pulse is exactlysure pulse durations in the xuv and soft x-ray domain with
resonant with an electronic transition, its interaction with thefemtosecond resolution. It is worth noting that the approxi-
atom is much stronger in the absence of the laser field than imate linear relation holds even when the xuv pulse is shorter
its presence. It is, therefore, expected that the photoemissiahan the laser pulse, since the photoemission is lowered as

yield is even higher if the resonant xuv pulsé fy

soon as the leading edge of the laser pulse overlaps the xuv

=10.2 eV) is appliedobefore the laser pulse, preparing a pulse.

coherent superposition osland 2 states. This situation is
similar to that in Ref[23]. In fact, as can be seen from Fig.

6, which shows the total power of photoemissionzab

This work was supported by the Special Postdoctoral Re-
searchers Program of RIKEN.

[1] A. Baltukaet al, Opt. Lett.22, 102(1997; S. Sartaniat al.,
ibid. 22, 1562(1997).

[2] Y. Tamakiet al, Phys. Rev. Lett82, 1422(1999.

[3] R.R. Freemaret al, Phys. Rev. Lett59, 1092(1987.

[4] P. Agostiniet al, Phys. Rev. Lett63, 2208(1989.

[5] M.D. Perry, A. Szoke, and K.C. Kulander, Phys. Rev. L&8.
1058(1989.

[6] H. Rottkeet al,, Phys. Rev. Lett64, 404 (1990.

[7] M.P. de Boer and H.G. Muller, J. Phys. H, 721(1994.

[8] P. Kruit et al, J. Phys. B16, 937 (1983; 16, 3191(1983.

[9] D. Normandet al,, J. Opt. Soc. Am. B, 1513(1989.

[10] T.R. O'Brianet al, Phys. Rev. A9, R649(1994).

[11] M. Crance, J. Opt. Soc. Am. B, 449 (1990.

[12] L. Pan, K.T. Taylor, and C.W. Clark, Phys. Rev. L1, 2673
(1988.

[13] H.G. Muller, A. Tip, and M.J. van der Wiel, J. Phys. B,

L679 (1983.

[14] H.G. Muller et al, Phys. Rev. Lett60, 565 (1988.

[15] E.S. Tomaet al, Phys. Rev. A62, 061801(2000.

[16] L. Chen, J. Appl. Phys73, 2629(1993.

[17] P. Kdman, Phys. Rev. A39, 3200(1989.

[18] H. Eichmannet al, Phys. Rev. A60, R2834(1994).

[19] H.A. Bethe and E.E. SalpeteQuantum Mechanics of One-
and Two-Electron AtoméSpringer, Berlin, 195} p. 266.

[20] K.C. Kulander, K.J. Schafer, and J.L. Krause Atoms in In-
tense Laser Fieldsedited by M. Gavrila(Academic, New
York, 1992, pp. 247-300.

[21] PW. Milonni and J.H. Eberlylasers (Wiley, New York,
1988, p. 243.

[22] P. Kdman, Phys. Rev. A38, 5458(1988.

[23] J.B. Watson, A. Sanpera, X. Chen, and K. Burnett, Phys. Rev.
A 53 R1962(1996.

031403-4



