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Photoionization and high-order harmonic generatidhlG) in molecular systems under the action of com-
bined infrared femtosecor{fseg and ultraviolet attosecon@seg laser pulses are investigated numerically for
a one-dimensional non-Born-Oppenheimef Kn. It is shown that punctual “turn-on” of an asec pulse can
trigger the ionization process, which in turn leads to signifieamtancemendf HHG. The conversion effi-
ciency of HHG can exceed the one obtained from a single fsec pulse by several orders and can be as high as
102 by controlling the recolliding electron responsible for the maximum order in HHG. The HHG spectrum
becomes broader and quasicontinuous near the cutoff. This spectrum can be used to synthesize new single
x-ray ultraviolet pulses as short as 250 asec.
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High-order harmonics are currently used in a number of In this paper we suggest and investigate a different
applications in different fields of science and technology. It ismethod for controlling ionization and HHG. The physics of
a promising way to generate coherent x-rays in the “watelour method is the following. It is well known that the maxi-
window” (4.4—2.3 nm) and to produce asec extreme ultra-num cutoff in HHG is achieved when a rigorous relation
violet (XUV) pulses(see, for example, Ref§1—4]). Re-  betweent, andt; is satisfied[24] [for example, wherv,
cently, first experimental results on the production and mea=0, w|to=0.17, andw t;=1.47 (w is the frequency of the
surement of a 650-asec pulse were repoftgld This asec  driving field)]. Then by using an intense asec pulse, one can
pulse is in the soft-x-ray spectral range and was obtaineg@recisely trigger the ionization process and therefore achieve
using high-order harmonic generatiptHG). Another ap- maximal HHG enhancement. Our simulations show that, this
proach for generating asec pulses is stimulated Raman scaray, we can enhance HHG by several orders and achieve
tering (SRS. The asec pulses generated by SRS method usldHG efficiency as high as 16. [Rigorously, a conversion
ally are in the UV range, and consist of a single or a halfefficiency can only be specified, when macroscopic propaga-
oscillation[6—11]. In principle, asec pulses can be focused totion effects are included. In this paper we consider HHG in a
achieve the intensities that are comparable to the conversingle molecule, so the efficiency is understood as the ratio
tional Ti:sapphire lasers, ilgees- 10 W/cn? [12,13. This  between the intensities of high-order and the fundamental
opens up new possibilities for studying and controlling elec-harmonics.
tron dynamics in atoms and molecules in asec time scale Our investigation is based on the exagion-Born-
[14-14, and is expected to have major impact on the newOppenheimer solution of the one-dimensional three-body
science of laser control and manipulation of molecylEg. Schralinger equation for the J ion in the field of strong,

Controlling HHG has become an active research area. Thaltrashort linear polarized laser pulses,
physics of this is based on the quasiclassical “three-step
model” [18] that consists of the following: IWZRY)

(i) An electron leaves an atom and enters the ionized con- 22227 |
tinuum at timet, (birth time) with initial velocity vy=0, at

(i) The free electron then is accelerated by the strong
electric field and gains energy.

(iii) The electron is driven back into the vicinity of the +KZ[E'(t)+Ease&t)]l HzZR.1), @
parent ion or a neighboring ion in a molecul&d], then it
may recombine to the ground state to emit a high—frequen%
photon at timet, (recombination time By manipulating the ~ VNere
different steps of this dynamical process, one can, in prin-
ciple, control HHG. Several schemes for HHG control have R) 1 1
been suggestetbee Refs[20-23 and references thergin Ve(z,R)=~— - )
These schemes alter the trajectory of the electron in the con- V1+(z-RI2)* J1+(z+R02)®
tinuum (the second stepby using additional static electric,
magnetic or alternating electri¢gwo- or three-color fields. ~ 8=(2m,+1)/4m,, k=1+1/(2my+1), R is the internu-
The effect of the additional field on the ionizati¢iine first  clear distancez is the electron position with respect to the
step is of secondary importance. nuclear center of masE€, and E_..care electric fields of

infrared (IR) fsec, and UV asec pulséboth polarize along
the z axis); and m, is the proton massgatomic units are
*Permanent address: Institute for Nuclear Sciences and Tectused throughouit The electric fields are given b¥(t)
nique, Hanoi, Vietnam. =—(1/c)(0A;I4dt), where

” 1 &2+1+v R
gz2 My 9R? R c(zR)
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1000 T T T T T First, we have calculated the HHG spedtitae square of
100y s T | 1 the dipole acceleratiota(w)|?) produced by the two laser
104 s °‘f 1 pulses(called the “combined” spectruinat different time
— 11 g °m 1 delay 74¢- We .have chapged the phage: 740w, With step
£ o014 g . 1 A ¢=0.27 within the region— < ¢=< around the central
S 0.014 SEIRETTEI TR ey peak of IR fsec pulse and followed the changes in the com-
o 10°%94 Tme ) i bined HHG spectrun{In Fig. 1 we plot the combined HHG
i 104 i spectrum ato=—0.27. For comparison we also plot the
o 1079 . HHG spectrum produced by the single 800-nm fsec-pulse
3 10t E and the spectrum of the UV asec puls#e observe that the
T 10-71E ] combined HHG spectra, in general, have higher cuta#f
10»8]5 compared to the spectrum produced by a single fsec driver
ol A S I Lt T I S pulse along It is important to note that thextensionof
1 5 9 13 17 21 25 29 33 3 cutoff into the high-energy region is not due to additional
Harmonic order kinetic energy that electron can gain from the UV asec pulse.

Since the ponderomotive energly, is given by
FIG. 1. HHG generated by two laser pulses whegp o,

=—0.27 (solid ling). The dashed line shows HHG produced by a |
single 800-nm-fsec pulse and the dotted line shows the spectrum of U.= E U. .= _l, (4)

an asec pulse. The inset shows electric fields of the two pulses. P j=T,asec Pl j:I,asec4(u]-2
72 and in our investigation I| but waseciS SEVEN times
_ ] ; P asec !l asec
A= w_jfj(t msinle;(t=7)], j=l.asec. (3 higher thanw,, thereforeU, ,secis ~50 times less than
. . N U,i. The UV asec pulse alone does not produce a HHG
wj andl; are frequencies and intensities, dp(t) andr; are  spectrum. Thextensiorof cutoff into the high-energy region
field envelopes and the peak positions of pulses, respectivell also not due to the broadband spectrum of the asec pulse.
Note that, in the ultrashort pulse limit, the definition of elec- As can be seen from Fig. 1, this spectrum completely falls
tric fields via vector potentials as in E€B) is accurate as it off at the 13th harmonic, while the combined spectrum ex-
ensures the conditiofi” ,E(t)dt=0. In the notatior(3) the  hibits a wide plateau with a clear cutoff at the 25th harmonic.
delay time of the asec pulse with respect to the IR fsec pulsBesides, the harmonic structure almost disappears, and the
IS Tge|= Tasec— 71 - The method of solution of Eq1) is de- combined spectrum becomes quasicontinugm®st evi-
scribed in detail in Ref[25], with applications in Ref{26].  dently near the cutoff At ¢=—0.27, the enhancement in
We chose a molecular ion rather than an atom because ®fHG spectrum is maximal and the efficiency of HHG in-
larger radiative couplings in the former leading to enhance@reases by more than three orders, as compared to the spec-
ionization[charge resonance enhanced ionizd@RE)] ex-  trum produced by a single fsec- pulse. In this case the con-
ceeding that of the parent atoms by several orders of magniersion efficiency of the highest harmoni@s compared to
tude[19,25). the fundamental harmonids ~10 2. The plateau region
In our investigation we consider the}Hon that is in the  becomes much broader and quasicontinu@ee Fig. L
initial stationary vibrational state=2 [26]. We use two la- This notable feature of the combined spectrum can be used
ser pulses, both having Gaussian pulse envelopes. The 80@+ generatingsingle asec pulses. For example, by Fourier
nm, 10-fsec driver pulse has the peak intensify-6 converting the frequency components between the 24th and
X 10" W/cn?. The UV asec pulsécalled the “controlling”  32nd harmonics back into time domain one can gsingle
pulse has the peak intensity.= 7.5% 10'* W/cn?. Unless  pulse with duration~400 asedsee Fig. 2
specified, the duration of the UV pulse is 0.6 fsec, and For better illustration of the crucial role of the timing
its wavelength is 115 nm, near resonant with theeffect on the enhancement of HHG, in Fig. 2 we plot the
(HOMO-LUMO) at the CREI distancdk,=7 a.u., where evolution of the time profile of generated pulses at different
maximum ionization occurf25]. 7q4e- All pulses are composed of frequency components be-
In the inset of Fig. 1, we plot the electric fields of the two tween the 24th and 32nd harmonics. As can be seen, all
pulses for the casey,=—0.1T (T=2m/w, is an optical pulses have durations400-500 asec and have center wave-
period of driver pulsg It can be seen that the UV asec pulselength ~28-30 nm(XUV range. As w,74e| inCreases from
remarkably modifies the field of the driver pulse within a — 7, the intensity of generated pulses increases and sharply
half optical period around,s.cbut leaves other periods un- reaches the maximum ab,74e=—0.27 (74¢=—0.1T).
touched. This clearly indicates the differences between oufhis time instant is in the leading edge of the driving pulse,
method and previous two-color schenfg8—-23. In the lat-  close to the central peak of fsec pulse. As the controlling
ter cases the two laser fields usually have the same duratiopsilse moves to the trailing edge of the driving pulse, the
that are much longer than the optical periddsThe modifi- intensity of generated pulses gradually decreases. As was
cations of the driving field are repeated each period over thenentioned above, ap= —0.27 the plateau region of com-
whole pulse duration. The delay time between the twobined HHG is widest. This enables us to use more frequency
pulses, when it is short, is not an important issue. components for synthesis aingle pulses and therefore to
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laser pulses. For comparison we also plot the normalized
electric field of driving pulse and the envelope of the new
generated asec pulse on the same time axis. The new asec
pulse is generated by using the highest frequency compo-
400 asee A nents(between the 24th and 32nd harmonjdberefore its
Ll A oan position approximately corresponds to the recombination
\ J{ time t, (right arrow). We assume that the controlling asec
pulse instantaneously puts electron into the continuum,
on therefore the timerye; when the controlling asec pulse is
R 5 G triggered can be associated to the birth titpdleft arrow).
/ Ty We note that the ionization at the end of the laser pulse
e Dam =5xX10"2, which is more than two orders higher than the
AN 4 ones produced by each fsec or asec pulse aleng0(%).
20 22 24 26 28 30 32 34 We assume that the enhancement of ionization and of HHG
Time [fs] is due to CREI in H ion (see discussions below

FIG. 2. The time profiles of generated asec pulses at different |t IS worth mentioning the following. The classical model
time delaysrye, (pulses are composed from frequency componentdredicts maximum enhancement of HHG wheyr0, oto
between the 24th and 32nd harmopicEhe inset shows the time =0.1w, andwt;= 1.4 [24], while we observed the maxi-
profiles of asec pulses obtained by using frequency componentmium enhancement when triggering the controlling asec
between the 20th and 32ridolid line), and between the 24th and pulse atw,74,=—0.27. This discrepancy can easily be
32nd (dotted ling harmonics. {74ei= —0.27.) solved if we take into account that, in our situation, control-

ling asec pulse puts an electron into continuum with
achieve much shorter asec pulses. In the inset of Fig. 2 we waeec Eap# 0 (Eap is the height of the potential barrier at
plot the time profiles of two pulses obtained from the samehe peak of fsec driving pulgeWe have made calculations
combined HHG spectrurtshown in Fig. 1. These pulse are using the classical model and have found that for the maxi-
obtained by using frequency components between the 24timal enhancement of HHG at= — 0.2 the initial velocity
and 32nd and between the 20th and 32nd harmonics, respag;=0.6. That is in very good agreement with the parameters
tively. In the latter case, the peak intensity of the pulse infor fsec and asec pulses used in our quantum calculations.
creases by a factor of 3 and the pulse can be as short @§he classical model also predicts that, independentof
~250 asec. the recombination time always occurs around, = 1.4.]

Besides the enhancement of HHG we also observed thi principle, for concrete initial conditions, one could find
significant enhancement of ionization in combined field ofthe precise moment for “turning-on” the controlling asec
IR fsec and UV asec pulses. In Fig. 3 we plot the time evojpulse to achieve the maximum enhancement of HHG. In our
lution of ionization probability in the combined field of two opinion this is the key issue of our new proposed asec con-

trolling technique.
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0.10 . . . . . . . We turn to discuss the applicable range of parameters of
1 HHG 1 pulses for our asec controlling methdelrst, we have made
0.08+ 1 1 similar simulations for the case where the IR fsec pulse has
0.06. ] much higher intensityl, = 1.2x 10 W/cn? while keeping
“°7 asec-pulse the parameters of the asec pulse unchanged. In this situation,
c 004 l the ratio between ionization yields produced by single asec,
2 1= ; fsec and by combined pulses is 1:10:567 {1® 4, 1.5
© 0.024 X103, and 8.5¢10 ?), respectively. The ionization pro-
'g 0.004 duced by the fsec pulse dominates the ionization from the

1 = ; ] : 3 . asec pulse, but it is still 56 times less than the yield produced
0024 % i VoS by combinedfields. At this intensity, the HHG produced by
K N RN the fsec pulse alone is also higher as compared to the one
shown in Fig. 1. However, we can still observe a significant
24 95 96 97 28 959 130 31 32 enhancement in the combined HHG spedtrere than one
Ti f ordep at the same phase= —0.27. The HHG efficiency is
ime [fs] still high (2x1073). The new asec pulse composed of fre-
FIG. 3. The ionization probabilitysolid line), driving field (dot- ~ 4U€NCY components between 28th and 38th harmonics has a
ted ling, and the profile of a new generated asec p(dsshed ling ~ duration ~260 asec and has a center wavelengit23
on the same time axis. The new generated asec pulse is obtained by25 NM. These facts indicate that the observed enhance-
using the highest frequency componefit@tween the 24th and Ment of HHG is not due to single fsec or asec pulse alone,
32nd harmonics its position approximately corresponds to the re- but is an effect ofcross correlationof the two pulses. Our
combination time; (right arrow). The left arrow indicates the time technique works well for the laser intensitie~5
74e1 When the controlling asec pulse is triggered. X 1013-2x 10 W/cn?. In this paper we use relatively low
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laser intensityl,=6x 103 W/cn? in order to reduce back- ciency of combined HHG decreases. At 70-nm wavelength
grounds and to make theross correlationeffect more im-  the efficiency is reduced by a facter5-7. We have made
pressive.Secongd we have gradually increased the durationsimulations with the aligned model, i.e,Hwith fixed inter-

of the UV pulse. As is expected, the possibility of “precise nuclear distance. According to our estimations this is related
control” gradually ceases and almost disappears when thgith the Stark shifted resonances for CREI iy H25].
duration of the “controlling pulse” is=0.5T (~1.4 fsec).  Briefly, the optimum frequency for asec pulse to be used will
This value can be considered as an upper limit for the duraincrease proportionally to the intensity of laser pulse

tion of UV pulse to be used in our technique. Behind thisyowever, this matter requires thorough analysis and will be
limit the combined HHG spectrum remains nearly un-giscyssed in our next investigations.

changed when we change the time delay of the controlling | ast but not least, in this paper we do not consider propa-
pulse as in the case of Fig. 1. Besides, the combined HH@ation effects. In principle, our calculations can be justified
spectrum exhibits clearly harmonic structure with two cut-for the case of low-density gases and short propagation dis-
offs. This is typical signature of a “two-color” HHG scheme. gnces(see Ref[27] for more details We expect that the
The efficiency of HHG in this case is lower as compared t0gnhancement of HHG can be improved by optimizing propa-

the case of Fig. 1. We assume that the controlling could b@ation conditiondi.e., using phase matchipgas in the case
efficient when the duration of the UV pulse is aroufif with HHG in atomic gasef28].

(~0.65 fsec for the 800-nm driving pulseThird, we have

changed the wavelength of the UV pulse. We observe that for We thank F. Krausz for valuable discussions, S.
l,=6x 10" W/cn?, the HHG enhancement is maximal Chelkowski for the H computer code, K. Midorikawa for
when the\ ;=115 nm, i.e., in resonance with the HOMO- informing results of Refd.13], and F. Legare for discussions
LUMO. On both sides of the 115-nm resonance the effi-and doing calculations using the classical model.
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