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Enhancement of bichromatic high-order-harmonic generation with a high-frequency field
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Using a high-frequency field superposed to a linearly polarized bichromatic laser field composed by a wave
with frequencyw and a wave with frequency«2 we show it is possible to enhance the intensity of a group of
high harmonics in orders of magnitude. These harmonics have frequencies about 30% higher than the
monochromatic-cutoff frequency, and, within the three-step-model framework, correspond to a set of electron
trajectories for which tunneling ionization is strongly suppressed. Particular features in the observed enhance-
ment suggest that the high-frequency field provides an additional mechanism for the electron to reach the
continuum. This interpretation is supported by a time-frequency analysis of the harmonic yield. The additional
high-frequency field permits the control of this group of harmonics leaving all other sets of harmonics prac-
tically unchanged, which is an advantage over schemes involving only bichromatic fields.
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Within the last few years, the perspective of obtainingcussed schemes, high-order-harmonic generation with
efficient laser sources in the extreme-ultraviolet regime habichromatic driving fields is already experimentally feasible
led to the proposal of several schemes for controlling thd7,8].
harmonic spectrum of an atom subject to a strong laser field In the bichromatic case, however, no simple expression
(1~10* W/cn?), using for instance additional static fields for the cutoff energy existg3—6], so that it is not straight-
[1], ultrashort pulsef2], bichromatic driving field§3—8], or ~ forward to predict whether the plateau can be extended. As a
additional confining potential®]. These schemes are basedgdeneral feature, high-harmonic spectra from atoms in bichro-
on the “three-step model{10], which describes very well Matic fields exhibit a plateau with a relatively complex struc-
the spectral features observed in experiments. These featurg¥®, which may have several cutoffs. These cutoffs are given
are the “plateau,” where harmonics of roughly the same in-PY local maxima ofEyn(to,t1), which are, however, un-
tensities exist, and the “cutoff,” where the harmonic signal equally important for the resulting spectra. Thus, it may hap-

suddenly decreases in orders of magnitude. According to thige" r;d:at the absolutg dmaX|mum_ Etfﬁi“(r]o'tl) leads tol?h
model, the generation of high-order harmonics in strongmuc €ss pronounced decrease In the harmonic signai than a

i . . .~ Jlocal maximum at a lower energy position.
laser fields corresponds to a dynamical process in which an . . ; : . .
A very illustrative example is a bichromatic field consist-

electron leaves an atom at an instgyvia tunneling ioniza- ing of a wave with frequencys and its second harmonic

) > . . i f4—6]. The addition of the second driving wave causes a
driving _flelds, an_d, if it comes back and recoml_alnes with thesplitting in the monochromatic-field cutoff energy, .
parent ion at a t|me1,_a hlgh—energy phqton will be gener- =|80|+3.17Up ,U,, being the ponderomotive energy. As a di-
ated. The harmonic energy is given bf)=|eo| rect consequence, there is a double-plateau structure in the
+Eiin(to,t1), With Eyin(to,t1) and|zo| being, respectively, harmonic spectra, with an upper and a lower cutoff, whose
the kinetic energy of the ellectron upon return and the ionizaenergies are higher and lower thap,,, respectively. The
tion potential of its parent ion. The cutoff corresponds to theupper cutoff corresponds to the absolute maximum for
maximum electron kinetic energy. By manipulating the dif- E,; (t,,t;). However, it appears in the spectrum only as a
ferent steps of the dynamical process, one can, in principlesmall shoulder due to the relative low-harmonic intensities in
control high-order-harmonic generation. the upper-cutoff energy range. The lower cutoff, on the other
If the purpose is to increase the cutoff energy, very effi-hand, is related to a decrease of orders of magnitude in the
cient schemes exist. They involve either additional staticharmonic yield, being therefore the one effectively measured
fields[1], or atoms placed in confining potentig®. In both  in experimentysee, e.g.[5,8] for a more complete discus-
cases one introduces an additional force that modifies thgion). One can explain the intensity difference in this double-
propagation of the electron after injection, resulting in anplateau structure in terms of the width of the effective poten-
increased cutoff energy. However, such schemes may requitil barrier through which the electron tunnels. This barrier is
extremely high static field§11], or appropriate solid-state given byVes=V(Xx)—XE(ty), whereE(ty) is the field at the
materials, whose existence is still under investigafita. electron emission time and(x) the atomic potential. For the
Another scheme for manipulating high-order harmonicsupper cutoff, the atomic potential is not as much distorted by
involves bichromatic driving field$3—8]. By varying the the field as for the lower cutoff. This results in a considerably
frequencies, the relative phase, and the intensities of the twwider effective potential barrier and, consequently, much
driving waves, one can modify the propagation of the elecweaker harmonics.
tron in the continuum, and even the “first step,” i.e., the In this paper we consider again the case of a linearly
tunneling ionization. In contrast with the previously dis- polarizedw—2w field, as in[4,5]. However, this time our
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aim is to increase the intensities of the upper-cutoff harmon- W(t,t",Q,0)=exd — (t—t")%/o?]exdiQt]. (5

ics close to the intensities of those belonging to the lower

cutoff, effectively extending the cutoff energy beyoag.,,  The usual Fourier transfor#(€1), for which all the tempo-
=leo|+3.17U,,. For this purpose, one must provide an addi-ral information is lost, is recovered fer—. The temporal
tional mechanism for the electronic wave packet to reach thwidth o corresponds to a frequency bandwidih=2/o.
continuum, thus compensating the weak tunneling ioniza- The kinetic energy of the electron upon return is taken as
tion. We demonstrate that this can be done with an additional

driving wave. This third wave has a relatively high frequency Evin(tots)= E[A(t )—A(to) ]2 (6)

but low intensity compared to the bichromatic field. The na- R o

ture of the third wave is such that it alters the electron injec- . o

tion into the continuum and, at the same time, it does notl "€ ponderomotive energy is given by

appreciably modify the ponderomotive energy and the cutoff. 3
This field configuration is similar to that used|it3], where U =1 ITAZ(t)dtz D
the influence of the background field on x-ray-atom scatter- P2y =
ing processes was investigated.

We restrict ourselves to a one-dimensional model, whichTo first approximation, if the third driving wave is much
still describes high-order-harmonic generation with linearlyweaker than the others and its frequency is much higher than
polarized fields well in qualitative terms. We solve the time-w, the contribution from the additional field to the pondero-
dependent Schdinger equation motive energy(7) and to the kinetic energ{6) can be ne-

g ) glected. More specifically, for the parameters used in this
. p paper, we observed, after solving the classical equations of
'a"/’(t»: 7+V(X)_ PA)|[¢(1)) @ motion of an electron in a fiel(), that for Eqs/Eqg,<1 and
w3>5w the influence of the third driving wave on these two
numerically, for an atom initially in the ground state, with latter quantities was not significant.

2.

@)

Oi
4wi2

binding potential V(x) subject to a laser fieldE(t)= As a starting point, we shall discuss the existence of the
—dA(t)/dt. Atomic units are used throughout. The externalenhancement in question. We will restrict ourselves to vary-
laser field is taken as ing the relative phaseb,, between the two low-frequency

driving waves and the high-frequency field parameters. The
bichromatic field strengths are similar to thesé¢5f namely
E(t)=Egsin(w1t) + X, Egisin(wit+ ¢sy), (2 Eyu=0.1 a.u.,Ex,=0.032 a.u., which give the intensity ra-
=2 tio 1,,/1,,=0.1. For these field parameters, the high-order-
harmonic spectrum displays a clear double-plateau structure,
with a lower and an upper cutoft.f. Fig. 1 and Refd4,6]).
cl'he lowest frequency is taken as=0.057 a.u., which is
typically used in experiments. The ground-state energy was
taken agey|=0.57 a.u., which roughly corresponds to the
argon ionization potential and, unless stated otherwise, we
__ 212 took @=1.15 a.u. and3=1 a.u. in Eq.(3). This gives a
Va(X) =~ aexp(=x"5%), @ model atom with a sir?gle bound state(.q ’

3

with Eq; , w;, and¢4; being the field amplitudes, frequencies
and the phases with respect to the first driving wave, respe
tively. In this paper, we choose,=w, w,=2w, Eg
<Ep,Eq and ws> w. Unless stated otherwise, the relative
phase¢,; is set to zero. The binding potential is taken as

which is a widely used expression for modeling short-range The ir_n‘luence O_f the_ third driving wave on the_ harmonic
potentials. The harmonic spectra are calculated from the diPeCtra is shown in Fig. 1, for relative phaspg=0 and

pole acceleratiork=( (1) - dV(x)/dx+ E(O)| (1)) [14] $1,=0.37 and several field strengthBy;. The relative

, oo hase¢q3 was set to zero in both cases, angl was chosen
Spectral and time-frequency analysis is subsequently dorf% be ten timesw;. Apart from the strong enhancement

on x(t). This latter method has been extensively used t0yroundw, (near harmonic order tenthe main differences
extract the main contributions to high-order-harmonic genyetween the case with a third wave and the bichromatic case
eration Wlth_ln a cycle of the driving _flelﬁ4,15]. These con-  (g..—0) are displayed in the so-called “upper-cutoff” har-
tributions give the electron return times corresponding t0 &nonics. which lie. for the phases in question, roughly at
particular set of harmonicgsee[4,13] for a more complete |, | +3.8y, with the corresponding harmonic orders near

discussion _ N=62. The intensity of this group of harmonics can be
_ Time-resolved spectra are computed by performing a FOUshanged significantly when the field strength of the third
rier transform with a temporally restricted window function. \.4ve is increased. Whereas fgr,,=0 these changes are
For an arbitrary functiorf(t’), this transform is quite irregular, for ¢,,=0.37 they appear as very pro-
. nounced enhancements, which reach three orders of magni-
dt' f(tHW(t,t',Q, ). (4) tude. They make the intensities of the u_pper-cutoff gnd
o lower-cutoff harmonics comparable, effectively extending
the harmonic production region. This occurs already for a
We consider a Gabor transform, which has a Gaussian wirthird wave whose intensity is only a few percent of that of
dow function the bichromatic field.

f(t,Q,o)=J
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log,,Harmonic Yield (arb. units)

log,,Gabor Yield (arb. units)

Harmonic Order 50 55 60 65 70 75 80
FIG. 1. Harmonic spectra for an atom subject to the three-color Time (field cycles)
field (2), with strong-field amplitudesEy;=0.1 a.u., Egy, ]
=0.032 a.u., high-frequency field strengths<BHy;<0.02 a.u., FIG. 2. Time-resolved spectra for the lowgart(a)] and upper

frequenciesw;=0.057 a.u.,w,=0.114 a.u. andw;=0.57 a.u., [Part(b)] cutoff harmonics, for the same bichromatic-field param-
and relative phasep;s=0, for ¢,,=0 [part (@] and ¢,,=0.37  eters as in Fig. 1,¢:,=0.37 and ¢,3=0, and several high-
[part (b)]. The lower cutoff(near harmonic order 5@&nd the upper ~ frequency field amplitudeEq;. The thick dotted lines correspond
cutoff (near harmonic order 62re marked with arrows. The lower- {0 Egz=0. The temporal width was chosen as-0.1T, such that

cutoff energy depends more sensitively épy than the upper-cutoff ~ the frequency widthr,, is of roughly three harmonics. The precise
energy[5]. center of the window function has been choseras 48w [part

(@] andQ,=58w [part (b)]. The return timeg,, andty, are indi-

A particularly interesting feature of the scheme is that itcated in the figure.
affects mainly the group of harmonics in the upper cutoff,
leaving other groups of harmonics practically unaffected. This interpretation is supported by the time-frequency
This is in contrast with the purely bichromatic case, foranalysis. In Fig. 2, we display the time-frequency yield for
which a change in the relative phage, leads to changes in groups of harmonics centered at the frequenéigs 48w
the whole plateau structufd,5]. In analyzing the enhance- [Fig. 2@] and Q,=58w [Fig. 2b)], for several field
ment effects, we recall that the presence of the highstrengthsEy; and a relative phaseé,,=0.37. The frequency
frequency third wave does not modify the ponderomotive(}, corresponds to the lower-cutoff energy aflg was cho-
energy and the classical trajectories. Thus, the three-stegen at the most prominent harmonic frequency in the upper
model leads us to the conclusion that a high-frequency incutoff. These time-resolved spectra are periodic within a
duced process is injecting the electron into the continuumcycleT=2m/w of the driving field, exhibiting peaks at times
This physical picture also explains why the remaining hart;;=1.4T andt,;,=0.9T. These are the electron return times
monic intensities are not influenced by the high-frequencyelated to the lower- and the upper-cutoff harmonics, respec-
wave. Let us consider an electron leaving the atom at théively, and have been computed[], together with the cor-
emission timety,, so that, at its recombination timg , the  responding emission times.f. Fig. 1 in therg. For a given
lower-cutoff harmonics are generated. At the lower-cutoffset of harmonics, if the high-frequency field is enhancing the
emission timety,, tunneling is so pronounced that, even in injection of the electron wave packet at the emission tigne
the presence of the third driving wave, this mechanism is stilthe corresponding peak &f in the time-resolved spectra
the dominant path for the electron to reach the continuumshould get more prominent d%,; is increased, and occurs
Thus, the high-frequency induced process is in comparisonnly for the upper-cutoff return time,,. This can be ob-
negligible. A similar argument explains the differences be-served in both parts of the figure.
tween Figs. (a) and Xb). For ¢»1,=0, there is still enough In the following we understand how the observed en-
tunneling to compete with the high-frequency induced pro-hancements depend on the relative phase between the
cess, such that the quantum interference between both prewest- and highest-frequency fields, on the field strength
cesses leads to irregular intensity variations. &¢y= 0.3, Eos, on the frequencys, and whether the atomic potential
on the other hand, tunneling is strongly suppressed, such thhas any influence on it.
the electron reaches the continuum mainly due to the high- The behavior with respect t¢,5 gives further informa-
frequency induced proces$s]. tion about the nature of the effect due to the third wave. In
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log,,Harmonic Yield (arb. units)

Harmonic Order

log,,Harmonic Yield (arb.units)

FIG. 3. Harmonic spectra for the same bichromatic-field param-
eters as in the previous figureg;,=0.3m, field strengthEqs 500 600 7.00 800 9.00 1000 11.00 12.00
=0.015 a.u., and several relative phasgss.

0 /0,

case this wave enhances tunneling ionization by changing . 5. Harmonic yields of neighboring upper-cutoff harmonics
the effective potential barrier, or increases the harmonic inas functions of the frequency ratios /w,, for a driving field as in

tensities by distorting the electron motion in the continuum the previous figures aril,;=0.015 a.u. The ionization threshold is
this influence will be different for different phaséss. We  at wz=10w,.
verified that the upper-cutoff harmonics remain unchanged
when 5 is varied. This result suggests that the third wave is
playing a very different role than the bichromatic field. These
results are displayed in Fig. 3.

Another very important issue is the dependence of th
enhancements on the field stren@ify. A closer inspection
of Figs. 1b) and Zb) suggests that there is a saturation in-

In Fig. 5 we show the dependence of the enhanced har-
monics with respect to the frequenays, for 5w;<w;3
<12w,. The figure displays major peaks at integer frequency
%atios w3/w, and subpeaks between the integers. The en-
hancements are especially strong at the integers, where the
; s ' frequencies of the three driving waves are commensurate.
tensity for the upper-cutoff harmonic the figure, close to The strong enhancements at these particular frequencies can

E03h=0.0%j at.]u). Furt_hermore,hthese harmonics are Lfmeqhuallybe understood as a consequence of the high-order-harmonic
enhanced, the maximum en a”C‘?me“t occurring, for t.e e>éjeneration process: since the production of harmonics takes
ample in question, at the harmonic ordé+=58. This maxi-

. : . lace within many cycles of the driving field, one expects it
mum can be slightly displaced, depending on the frequency, e most efficient when this field is periodits]. Figure 5
ws. In Fig. 4, we show explicitly the behavior of this maxi-

S i also demonstrates that the observed enhancements are not
mally enhanced harmonic with respect to the field strengthe|ateq to threshold effects, since they occur when the fre-

Eos, for several frequencie®s. This figure shows that the 4 ency of the third wave is either below or above the thresh-
enhancement effect increases quickly in the weak-field regq

gion but it eventually saturates when reaching the strong- g inyestigations presented above are from our numeri-
field region, which means that upper-cutoff harmonics.y caiculations for the short-range potenti@), with « and
cann(_)t be indefinitely enhanced by increasing the strength O,é chosen in such a way that it has a single bound state. To
the high-frequency wave. rule out the possibility that the effect is due to an artifact
introduced by this model potential, we performed similar cal-
culations for several potentials with different values for
e TR sz ] deptha and width3. We also studied the soft-core potential
Ve=—a[x?B%+1] Y2 We observed that the enhance-
ments are present in all situations, being however stronger
for short-range potentials. This is related to the fact that tun-

—— ©,=0.285,N=61 4 neling ionization is more efficiently suppressed in the short-

——————— ©,=0.456,N=60 range case, such that it does not compete with the high-
BOPES e ©,=0.570,N=58 T frequency induced process. For the Gaussian potential used,
oall “oee ,=0.684,N=59 i we obtain very pronounced enhancements €2 a.u.,

which is well within the experimental range.
Y T Y Y T . In conclu5|on', we have shown that, with an additional
E (@u) high-frequency field, we are able to enhance a group of very
st high-order harmonics of a bichromatic driving field consist-

FIG. 4. Harmonic yields as functions of the high-frequency field INg of a wave of frequency and its second harmonic. These
strengthEgs, for the same field as in the previous figures, with harmonics have energies up figg| +4U,, which is about
$1,=0.37 and 0.285 a.ss w;=<0.684 a.u. The harmonic orders 30% higher than the monochromatic cutoff frequerGy,,
displayed in the figure correspond to the most efficient enhance-——|80|+3.17Up. They correspond to a set of electron trajec-
ments obtained. tories for which tunneling is not very pronounced in the

log,,Harmonic Yield (arb. units)
5
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bichromatic case. The high-frequency field provides an addieannot be attributed to mechanisms such as tunneling ioniza-
tional mechanism for the electron to reach the continuumtion or a distortion in the electron propagation.
resulting in the enhancement of this group of harmonics. The enhancements are particularly strong when the rela-
This physical interpretation is supported by several chartive phase between the two strong driving waves is chosen
acteristics of the enhancements, such as, for instance, the fagch that tunneling ionization is strongly suppressed. Such a
that the remaining groups of harmonics are not altered by théase is provided by taking,= 0.3 [5], for which an ap-
high-frequency field. For an electron leaving at a titge Preciable enhancement is already obtained with high-

such that the lower-cutoff and plateau harmonics are geneftéquency fields whose intensities are only a few percent of
ated, tunneling ionization is the dominant process. This i hat of the bichromatic field. This phase control is already

true even in the presence of the third wave, so that the higfEXPerimentally feasiblg8]. Another prerequisite for pro-
frequency induced process plays practically no role. For th ounced enhancement effects concerns the frequency of the

upper-cutoff harmonics, on the other hand, tunneling is relalird wave, which must be an integer multiple of the funda-

tively weak, so that the high-frequency induced process ma ental .frequenc':y of the bichromatic field. Furthermore, our
compete with it or even be far more prominent. This latter heoretical studies show that the enhancements are always

effect is observed in the behavior of the enhancements witRreSent for very different potentials, but they also suggest

respect to the relative phasé,, between the two low- at a short-range potential gives stronger enhancements and

frequency waves. The time-resolved spectra of the |Ower'gherefore is a more appropriate choice for a possible experi-

and upper-cutoff harmonics confirm this physical picture. Asmel?tial c<|)n3|sverret1rt1|or?1. ntioning that. in princiol imilar
the high-frequency field is increased, the time-frequencyenhanscsnﬁgm gchemg isoa ?ica;é to Sn ?sgtg,o?hsarmgnics
yield at the return times;, corresponding to the lower cutoff bp y

remains pratically unaltered, whereas the yield at the uppelszor.r esponpling to a set of electron trajectories for Which .tun-
cutoff return timet,, is enhanced in orders of magnitude. neling lonization s S”Of‘g'y su_ppre_ssed. For ;he spe_@ﬂc_
Thus, the third field is increasing the electron injection in the__ 2.“’ _conflguratlon considered in th|s_ paper, this condition is
continuum at the corresponding electron-emission titpgs satisfied by the upper-cutoff harmonics.

Finally, since the enhancements are independent of the phase We are grateful to A. Fring and to J. M. Rost for useful
¢13 between the highest- and lowest-frequency fields, theyliscussions.
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