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Harmonic-generation control
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In this paper we examine some effects of quantum interference on high harmonic generation. We demon-
strate in particular that preparing the initial state in a coherent superposition of bound states leads to a harmonic
spectrum with distinct plateaus with different conversion efficiencies. We show how this scheme may provide
a way of controlling the coherent output that is produced in an experif@h050-294796)03611-§

PACS numbes): 32.80.Rm, 42.50.Hz

I. INTRODUCTION intrinsically quantum aspects of it. In this paper, however,
we shall demonstrate that more profound effects are pro-
While some aspects of harmonic generation are both thealuced when the ionization and rescattering events are modi-
retical and experimentally quite well understood, the way infied. This can be achieved, for example, by tailoring the ini-
which the coherent radiation output can be controlled fortial state to allow different paths in the recombination event.
practical purposes is still a matter of debate. By controllinglf the initial state is prepared in a coherent superposition of
harmonic generation we mean the possibility of modifyingdifferent bound statefs,7], in which only the more loosely
the spectrum to our convenience, for example, by enhancingound state becomes ionized by the action of the field, the
only a narrow range of harmonics around a desired energy iharmonic spectrum contains two distinct set of harmonic pla-
the total spectrum or extending the harmonic spectrum téeaudq8]. Our aim is to show how one may take advantage of
higher orders than the ones predicted by the well-known cutthis feature(each plateau presents a distinct conversion effi-
off law U;+3U,, [1] (whereU,=E?/40? is the ponderomo-  ciency to manipulate the harmonic spectrum.

tive energy expressed in atomic units,is the frequency of The paper is organized as follows. In the next section we
the driving laser field, ant; refers to the ionization poten- shall introduce the model we use and discuss the main fea-
tial of the atomic state tures of the recombination event in terms of the values and

The semiclassical model of harmonic generafiby?] is,  phases of the dipole matrices. In Sec. lll we analyze the
in spite of its simplicity, correct in showing the importance dependence of the conversion efficiency on the initial states.
of the electron’s classical returning trajectories in theThis aspect is further discussed in the Appendix. In Sec. IV
harmonic-generation process. In particular, it suggests that we shall demonstrate how to use these features to control the
should be possible to change the spectrum by modifyingiarmonic generation. Finally, in Sec. V we discuss the fea-
these trajectories. Early wotld] using two different lasers sibility of the practical realization of the scheme we propose.
with commensurate frequencies interacting simultaneously
with an atom reinforces this idea. For that combination of
fields E;sin(wt)+E,sin(3wt+¢), the plateau structure ex-
tends up toU; +kU, with k>3 (hereU, still refers to the Our results are based on quantum interference effects in
ponderomotive potential of the fundamental fielfhe value  recombination via different states. We prepare the initial
of k is determined by the intensity of the fields as well asstate in a superposition of the ground stige and some
their relative phase. The two-color field modifies the return-excited state denoted bg) with a fixed though arbitrary
ing trajectories and a classical analysis of those trajectorieghase difference between both states
once again gives an accurate prediction of the position of the
cutoff. Furthermore, when a second color is superimposed it i
not only extends the spectrum to higher orders but also pro- V(r,t)={alg)+pe o)} @
duces a clear enhanceménp to 2—3 orders of magnitugle
in the low-energy region of the spectrufwith energies be- (|a|?+|B|?=1). We shall takep=0 to simplify the nota-
low U;+U,) [4]. To our knowledge, however, it is not pos- tion. The laser parameters and w) are chosen such that
sible to enhance the higher-energy harmonics by modifyingnly the excited state is depleted by ionization. We do this
the relative phase or the intensity ratio between both fieldsbecause it is sufficient, and requires much lower intensities,
Achieving such a goal would require the selective injectionto promote the electron into the continuum from the excited
of electrons into the continuum onlgor mainly) at those state. Since we aim to describe a rather general way of pos-
times that correspond to returning trajectories with maximunsible control over the harmonic emission, we perform our
kinetic energy. At present this does not look as though it cacalculations for a simple hydrogenic ion HeAt this point it
be straightforwardly achieveld]. is worth pointing out that the results we present are not di-

It appears at first sight easier and more beneficial taectly related to the structure of the atomic potential and
modify the classical aspects of the process, i.e., the recollidherefore can be straightforwardly extended to any type of
ing trajectories, than to modify the steps that deal with thdon or atom.

Il. COHERENT SUPERPOSITIONS
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In a previous papef8] we demonstrated that the har- T T e
monic spectrum obtained from an initial state similar to the 0.01 E f o
one mentioned in Eql) consists of two distinct plateaus. | 3
We can see why this should be so by splitting up the various 3 107 sl = o .
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The first two terms on the right-hand side of E) are
simply the dipole accelerations one would obtain starting in
the ground and excited states, respectively. The third term
can be thought of as an interference between the two parts of FIG. 1. Harmonic-generation spectra from the *Hion at
the solution. If we assume that the ground state is not dey_ ; 1o 7104 wiem? and w=0.042 a.u. =1 um) starting from
pleted ar!d the excited state is no'F Couple_d to any other boung coherent superposition of the ground and the first excited state
state during the pulse, we can write the time-dependent wav&s) with equally weighted populations ({2)(|g)+|2s)) (solid
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Harmonic number
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functions of the ground and excited states in the form line). Full dots correspond to the harmonic spectrum computed
| (1 t))zae’iugt| ) from the dipole projection onto the excited state and the squares
gt 9 correspond to the dipole projection onto the ground stéfbe

pulse lasts 16 cycles and is linearly ramped in the two first cycles.
(r,t))=B(be(t)e "Velle +fdcb e Vdc)). (3 .
Ve )= Bbe &) e ) (W(r,t)|z]Ww(r,t)) with the spectra obtained by projecting

. . the dipole acceleratiofl0] onto the ground and excited
Here b(t) andb.(t) are the time-dependent amplitudes of fiteld-free states, respectively, i.e.,

the excited and continuum states and we have factorized ou
the energy dependence of the bare stéésmic units are d _ z
t)pg=(¥(r,t zZ|W(r,t
used throughow{9]. That means that only the last two terms (Dpg=(W(r,Dlg)gl2¥(r,1)
of Eq. (2) will contribute to the harmonic generation, and
since continuum-continuum transitions have no significant
influence to harmonic generation, we can rewrite the relevant

= a*ﬁ( be(t)<g|i|e>ei(U9*Ue>‘

contributions to the acceleration as +f dcbc(t)<g|i|c)ei(ug‘uc)t , (6)
. a2 " = i(Ug—Ug) .
<lﬁe(l’,t)|2|l//e(l’,t)> |:8| debe(t)bc(t)<e|Z|C>e ! d(t)pe=<\lf(r,t)|e)<e|i|llf(r,t))
+c.c., (4)

=|B|2f dehy()bg(t)(elz/c)el Ve Vot (7)

(gy(r,1)|2] ¢e(r-t)>=a*ﬁ(be(t)<9|2|e>e'(ug vt In Fig. 1 we show the harmonic-generation spectrum
computed numerically from the dipole acceleration
+J deby(t)(g|z|c)el VaYet| +c.c. (\If(r_,t)|i|\[f(r,t)) (full line) alongside the spectra
obtained numerically from the dipole
(5)  Projections (W(r,t)|g){glz|Ww(r,t)) (squares and
(W(r,t)|e){e|lz|¥(r,t)) (full dots). The figure clearly shows
An inspection of the above equations show that if the ionizathat the projection onto the ground state is mainly respon-
tion of the excited state is small, at least in one optical cyclesible for the secondghigher-energy plateau, while recombi-
the time-dependent integrals of Edqd) and (5) differ only  nation into the excited state gives the main contribution to
by a factore'(Vs~ Ve, In other words, the third term in the the first one. Figure 1 also shows that the projection onto the
dipole acceleration gives rise to a similar plateau to the seaground state also gives a contribution to the first plateau and
ond term, but shifted in energy by an amount equal to theherefore some interference between both contributions is
gap between the ground and excited energies. This is thgresent. Finally, projecting the dipole acceleration onto any
second plateau observed in the harmonic speffitae term  other atomic bare state produces a harmonic signal several
proportional to{g|z|e) in Eq. (5) simply corresponds to the orders of magnitude smaller than those shown in Fig. 1.
transition between the initial states of the superposition. If To fully understand the underlying physics of the har-
both states share the same parity, this term is equal to zerojonic generation starting from a coherent superposition we
otherwise, the spectrum will contain a peak corresponding tmeed a more complete description of the process than the one
this transition] We can gain further insight into our provided by the dipole projections. It is important to keep
interpretation of these expressions by comparing thérack of the fact that only those states that remain populated
spectrum obtained directly from the dipole accelerationduring the pulse will contribute to the harmonic generation.
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It is, after all, a coherent dipole transition between the coniyzed in some detail by Lewenstegt al.[14], showing how
tinuum and the bound state that produces the emigdiblh  the ground-state depletion modulates the harmonic strength.
A bound-state amplitude is therefore a critical element of theAlthough in our case the harmonics in each plateau are due
phase-locked dipole amplitude needed for coherento the same recolliding wave packet, it is only the excited
harmonic-generation. To see this point more clearly we needtate that becomes depleted. The depletion rate can be simply
to invoke the periodicity of the harmonic-generation processhought of agbe(t)|>~e~ ", wherey is the ionization rate.
[12,13 as well as the phase of each harmomédative to the  Such an approach allows us to introduce the effect of the
fundamentdl in the dipole accelerationl3—-15. We shall  depletion on the conversion efficiencies straightforwardly.
use now the terminology of the semiclassical recollisionHowever, for our choice of initial state, efficiencies clearly
model, although the analysis of the process will be purelydepend also on the weightsandg of the initial preparation,
guantum mechanical. We assume that in the tunneling reas shown in Eqs(3) and (4). As the power spectrum is
gime a wave packet is produced in the continuum every halproportional to the square of the dipole acceleration, the first
a laser cycle. In the conditions we have considered the corplateau(we denote it asS,) scales a$g|*, while the second
tinuum wave packet is only due to ionization from the ex-one (S,) scales a$a|? B|%. It is worth noting that since the
cited state. We can characterize each single continuum waveecond plateau scales |ag?| 8|, the maximum conversion
packet function in the form efficiency occurs fora=B=1/\/2. However, even for an
. equally weighted initial superpositiora& B), is clearly

We(r, ) =Weo(r,H)exp(—iU L), ®  more intense than thg,. The reason for thissi‘g the distinct
where W, is identical for each wave packet created alongStrength of the dipole amplitudeg|z|c) and(e|z[c) con-
the whole pulse and there is a phase that keeps track of t{Puting to each plateau. Rather than evaluating these matrix
phase of the excited state at the time such wave packet wiiements, we are interested in their ratio, ie.,
created. Each wave packet is then driven by the laser fielgd|Z/€)/(e|Z|c). For relatively low-order harmonics we can
and scatters off the core emitting a short burst of radiation®Pt@in & reasonable estimate of this quantity using the bare
To simplify the description of the tunneling and recollision &tomic states and Coulomb wave functions for the bound and
event, we do not consider here the spreading of the wavePntinuum states, respectively, and assuming that the accel-
packet along one recollision nor the effects due to multipleE'ation can be approximated by- — V. /9z, whereV. de-
recollisions with the core by the same wave packet. We sha[fotes the Coulomb potential. To simplify the analysis we
rather focus on the dynamics of single recollisions along thr%urther assume both states of the initial superpositi}, (
whole pulsg13]. As we previously saw, the coherent part of e)) to be ins states, so that the only_ contribution from the
the radiation emitted comes from the induced dipoles befOntinuum comes from the states with angular momentum
tween the continuum wave packet and each bound state &F 1, 1-€.|Ck1-1). One should note that if the energy of the
the initial superposition. We shall analyze each of them sepgEontinuum state is I_arg(;,- compared to the binding energies of
rately. In the recombination event, characterized by a timdhe atomic states, i.ek?/2>U.,Ug, the continuum states
t,, the induced dipole between the continuum wave packe§an be approximated by plane waves and the ratio between
[Eq. (8)] and the excited state will acquire a global phasethe matrix elemen.t.s mvolveq in the cosf)zerent sup_erposmon
factor expiUqt—t)]=exp(Ud,), wheret, is simply the behaves then dg|z[c pI/Ke|z|cy )| N>, wheren is the
time between the wave packet is created and recollides, iRrincipal number of the excited stafte6]. This result, how-
other words, the recollision period. Equivalently, the inducedeVer. cannot be used in the present case. This is because
dipole between the continuum wave packet and the groun@hen the fe'evang continuum states have energies close to
state will acquire a global phase ¢i/gt,—Ud)]. In this the threshold, i.ek“/2=<U,, and therefore t_he ratio between
case, the phase can be factorized as iekhjexp(Qt,), matrix eIemgnts ha; to be calculated using exact Coulomb
where Q=U,—U,, that is, a constant phase plus a time-"ave functions, it tggn behaves more closely to
dependent phase factor. Due to the periodic nature of thkdlZlckpl/(elZlci»|—n>"= Itis, of course, in that region
driving field, the overall process of escape and recollision ighat the lower harmonics of each plateau are produced. From
repeated every half a cycle. Because successive wave paéﬂ@-e |n|t|aI—_state amphtudes, the distinct d|po_le strengths and
ets are created and therefore recombine at interval€ depletion of the excited state we can derive a ratio for the
7,=T/I2=nlw, each successive burst of radiation due to re-Plateaus’ conversion efficiencies
combination into the ground state differs from the recombi-
nation into the excited state by a phase factor €Xpj. The Sy . (1—e M) |al?(Ug4)\%?
effect of this phase factor is to shift the harmonic peaks in S T41_e 27N _2<_) ' ©)

Se “(1-e ) |BI7\ U

the second plateau Ky, and unles<) corresponds exactly

to an odd number of laser photons, they no longer occur at ) o

the harmonic frequencies. where in the case of small ionization theprefactor reduces

to 1, whereas for a complete depletion it reduces to a factor

IIl. CONVERSION EFFICIENCIES 2. . .

In the Appendix we show that the same result is also

For an atom initially in the ground state irradiated by aobtained in the limit wherk2/2>ue,ug. In such a case we

single laser field, the height of the plateau is found to beuse the strong-field approximation of R¢14] to calculate

proportional to the ionization rate, with a system-dependenthe ratio(9). Both of these results suggest that the relation

proportionality constanf10]. The effect of the depletion of (9) holds always in practice, in excellent agreement with our

the ground state in the harmonic efficiency has been anaiumerical observations.
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IV. RESULTS 0.01

So far we have demonstrated that different plateaus can
be generated by a purely quantum interference effect in the
recombination process. We shall now focus more specifically : 10° NI
on the issue of controlling the radiation output. It is impor- i | 3
tant to keep in mind that the recolliding wave packet deter- 10°® W' '
mines the overall shape of the harmonic structure and since & i
both plateaus are generated by the same single wave packef?és 1070 [ I A i ]
they share the same structure. In other words, they both ex- .20 MJW*'/

10*
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tend up to 3J,, presenting the same structure, but the second @ 02 T

plateau is shifted by); the energy gap between the states of " el | K ’ ] |
the initial superposition. As a consequence, both plateaus 10 — e
will overlap only if 3U,>(); otherwise the total spectrum 0 20 40 60 80 100 120

will consist of two well-separated sets of harmonic peaks. Harmonic number
To check the dependence on the binding energies as well _ ) y
as on the population Weighljsﬂz and |ﬂ|2 of the initial FIG. 2. Harmonic-generation spectra from the "Héon at

— 1 2 — — :
superposition, we solve numerically the time-dependent=8-7% 10" W/iem? and@=0.02 a.u. §=2 pum) starting from a
Schralinger equation for different cases. For example, thecohere.nt superposnthn of the grouqd and the fourth excited state
results presented in Fig. 1 are obtained for an equally?S) With equally weighted populations ({2)(lg) +|4s)). (The

weighted SuperpositiOIh\If(r,t=0))= (|1s>+ |23>)/ \/(2 ir- pulse lasts 16 cycles and is linearly ramped in the two first cycles.

radiated by a Jum wavelength laser at a peak intensity of important to point out that the intensities we have used in the

1.'5X.1014 V_V/cmz. The_ mtensﬂy_we use is above the satura-gin, |ations correspond to rather weak lasers. For instance, it
tion intensity(the excited state is completed depleted befor%ould not be possible to generate harmonics up the order
the end of the pulseT~1) for this wavelength and pulse. ;4 (with A\=1 m) from the ground state of the ion e

For this choice of laser parameters the predicted cutoffs fO(Fig. 1) unless it is iradiated with very high intensitiag to

Se and S, are approximately at the 62th and 96th harmoniclole W/cm?) and even in such a case the effect of the tumn
orders, respectively, and%:l.'98>ug._ue (=1.50), so on of the pulse will smear out any harmonic structure gen-
the .Se.c.ond plat_e_afﬁb overlaps with the first ong, . Because erated[17]. Although in the examples we have used the ex-
the '”'“.6?' condmon c;orre_sponds to. an equally weighted SUtited state shares the same parity of the ground state, this is
perposition, the.eff|C|enC|es according to E_E@:).'depend only. not an essential condition. The same effects will be present if
on  the 5,2ratlo _between the binding  energies g qyiteq state has an angular momenterd. The reason
2(Uy/U,q)*"=32, in good agreement with the numerical ¢, yhis is that the continuum is highly degenerate in angular

res1l_JIts. h | f the diool h momentum states and many transitions from an energy level
0 test the relevance of the dipole strengths we NOWyt the continuum back to states with different angular mo-

modify ~the initial state to be |V(r,t=0)) | hentum are therefore allowed.
=(|1s)+]4s))/\/(2, where again ground and excited states
initially have the same amplitude. The laser field parameters
are chosen such that we reach the saturation intensity for the
excited state, i.e.,, ®=0.020 au (k=2 um) and The main difficulty in the experimental realization of the
| =8.75x 10** W/cm?. For this case B,=0.355<(0=1.88  scheme we propose arises from the coherence condition on
and the plateaus are therefore clearly separated, as shownthe initial preparation, that is, the requirement that all atoms
Fig. 2. Given the ratio between the binding energies for thisnust have the same phase in the initial superposition
case, we expect a factor of XAUgy/U4)%2
=2X(4)°=2x10° between the conversion efficiencies. The
numerical simulations once again show good agreement with
this scaling law. As a final case, we repeat the previous cal- E
culation but modifying the initial-state amplitudes so
a=7p. The scaling law of Eq(9) predicts now a difference 10°
in intensity between both plateaus of @(3)%(Ug4/U,)%"?
~10°. The numerical results are displayed in Fig. 3. It is
easier to compare the relative height of the plateaus by using
the spectra obtained from the dipole projectidhg, and
P,e instead of the dipole acceleration itself. In théBe. 4)
we observe that the harmonic set corresponding to recombi-
nation into the excited state is almost entirely hidden by the T R S R E R B B R
background of the second plateau and, in fact, the second 0 20 40 60 80 100 120
plateau is approximately ¥@imes more intense than the first Harmonic number
one.

The above examples show the versatility of the scheme FIG. 3. Same parameters as in Fig. 2, but now with an initial
we propose for controlling the harmonic generation. It isstateW(t=0)=(1/y50)(7|g)+|4s)), i.e.,a=78.

V. PRACTICAL REALIZATION

10* |

fury
<
Y

—
[
—
o
T
VoL

Signal (arb. units)




4324 SANPERA, WATSON, LEWENSTEIN, AND BURNETT 54

4 T T T T T T T T T T T Y T T T T T T
108 m 10 E glu.ass LI E
I M 5 E E oo E
10'7 I ] Wl 10 E oos E
. \\ /Hﬁ "I'I'Hl 0 Z E
—_ - — 0 S oms -
:'2 10 n'\ I 'LYMM'\ C‘ 10 é 0.01 3
R 7] fon E
5 . il S 10° B F
3 L i il Dn 1 2 3 4 5 6 7 s—i
‘;3 10 ! Lﬂ \9 ~ ‘;L time (in optical cycles of @) E

) 4

= -15 ! — 107 E
3 4 g | E
g 107 By 50 10 4
&0 — [ 7] 3
B 10" w.f‘“““‘\ 10% E
108 L. . A R M M I E
0 20 40 60 80 100 120 10-10 v b e e by b by e 1y oy 4

0 20 40 60 80 100 120

Harmonic number . . .
Harmonic number (in harmonics of o, )

FIG. 4. Conversion efficiency comparison between the plateaus
corresponding to the parameters of Fig. 3 by using the dipole pro- FIG. 5. Inset: Time-dependent population of t#p) excited
jections Spectrésee Eqs(6) and(?)] The Scaling law d|sp|ayed in state. In the simulation the seventh harmonic of a KrF laser
Eq. (9) predicts for this case a conversion efficiency factor of 10 (@#=0.19 a.u. operating at & 10'* W/cm? is used to transfer

between both plateaus. The results obtained numerically are in Bopulation from the ground state to the &tate(the intensity of the
very good agreement with such scaling law. harmonic is kept fixed at 810 W/cm?). Immediately after the

coherent superposition has been created a second laser
_ (w,=0.0420 a.u.),=1.5x 10" W/cm?) is switched on to ionize
(Ig)+€'?|e)). This is necessary in order to obtain a coherenthe excited(2p) state. In the main figure the corresponding har-
N? enhancement, wherld is the number of atoms in the monic spectrum is shown with a strong peak at the transition energy
sample. As we showed above, the second plateau is genagap plus a set of harmonics corresponding to recombination back to
ated because the dipole amplitudes of the transitions corréhe ground state.
sponding to recombination into the ground state differ by a
Eponding (o recombination into the exciied state. I ifieren 1 SITUation we first iadiated Hewith KIF (w019
P 9 ' a.u) at intensitiesl =8x 10 W/cm?. At this intensity the

atoms have different phases in the initial superposition th%épletion of the ground state is negligible and very few har-
interference coming out from the different atoms will sub-

. o monics are produced. The seventh harmonic pulse with pho-
stantially reduce any contribution to the second plateau. Fotrons of energy 1.4 a.(88 eV) is (after the fundamental has

the same reason, in order to have a second plateau the precise., already switched oféised to pump population from the
value of this phase is not important as long as it is shared b round to the @ state (U, — U|=40.8 eV: in our numerical
all the atoms. Although there are several well—establisheéesults this energy gap %appeens tc; be c’)f 38.5, exeating
tec_hnlques for preparing coherent superposm@ng._, ad'af therefore, the coherent superpostion. The intensity of the
batic transfer andr/2 pulse$, they may not be suitable in cg 0 harmonic pulse is kept fixed at 80'° W/cm?, i.e.
I(;arsis ;\ghfir% t.?]eoerrwiggsyegap between the two initial states {8ur orders of magnitude below the laser field intensity,
ge, asitis in ou : which is a reasonable assumption. Finally, a second very-
Recently, Vaiard et al. [18] have shown that two-color low-frequency laserd,=0.042,, =1 xm) with a moderate
multiphoton ionization of atoms can be driven using a stronqntensity (,=1.5% 10124 W}cmZ') is used to ionize the ex
- 1 i H 2— 4. -
lO.W frequency Iase_r f|e_|d along with ane of "?’Vea‘?e’. cited state, producing the two sets of harmonics. The results
high-order harmonics simultaneously. We can, in prmmple,of the simulation are shown in Fig. 5. The inset shows the

apply a similar procedure to prepare the initial coherent Statetlme-dependent population of the corresponding excited

but using now only a low-intensity harmonic pulse tha.tstda\te. Att=0 the atom is initially in the ground state; when

matches the energy gap between the ground and the desir e harmonic field is switched on a Rabi flopping between

excited state. In this way we can transfer population from thels and B takes place. When approximately 3% of the popu-

ground to the excited state with a single-photon Rabi tranSII_ation is in the excited state we switch on the low-frequency

tion. In theory, one could also prepare the initial superposis. S ) )
tion by mean)s/ of multiphoton Rgbi Ft)ransitionS' howe\?erptha{'eld (@2, 1), which IONIZes the exmte_d state, producing the
should require much higher intensities than in the singIe-W;nS?éztSIegarg?/?ézss'l Thiir?tz:jmggtl-c :psi((::t;:rg :;Ogsht:f
photon Rabi case. Once the initial state has been prepared n%lonics Startin pat the eyngr a bénNeen the excited and
second low-frequency, relatively-low-intensity laser is useom 9 dy 9ap

to ionize the excited state, hence producing the two set Q e ground state(}=1.4 a.u=33w,) t_hat extends up to

harmonics. .2U5,+Ug (around the 91th harmc_;r)tc_One should note
We should remember that the initial preparation has to béhft feven for f?ucth a smlall |c|)opulat|ort1 in thp 2tate, the

achieved before the population in the excited state starts goterierence efiects are clearly present.

ionize. Ions_W|th large bl_n_dlng energies are the best candl_- VI. CONCLUSION

dates to fulfill these conditions. We have done some numeri-

cal simulation of the preparation of the initial superposition In this paper we have presented some effects related to

with this technique. The following case is just an example. Inquantum interferences in strong atom-laser interactions. In
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particular we have shown that modifying the ionization and ) ¢ (6_A(t/r)/c)2
recombination events induces dramatic changes in the har- S(p,t,t’)zf dt”(fﬂLUe . (A2)
monic spectrum. For instance, if the initial state is prepared v

as a coherent superposition of different bound states, th : .
harmonic-generation spectrum is composed by different pl _ﬁote that damping rate of the part of the dipole mom (@)

teaus with different conversion efficiencies. Our aim hasS equal to the depletion rate of the population the excited

X . statey.
been to control the harmonic spectrum by means of this fea- Similarly, we obtain

ture. Although the scheme we present is very simple and has
great versatility, we consider it just a first step in the control
of harmonic generation. We want to stress here that our % pai(Ug—Ugt— /2 b 32 krs R
method does not allow one to generate shorter harmonicdpg(t)_'a pe "e e Odt d*pdg [p—A(D)/c]
wavelength than the ones obtained directly from the ground

state of the atom or iorthe cutoff will always be at xexg —iS(p,t,t")]E(t" ) dJp—A(t')/c]+c.c.
Ug+3U,). It does, however, require much weaker intensi-
ties than in the later case, and the signal corresponding to (A3)

transitions back to the initial state are greatly enhanced com-

pared to the case in which all the population is initially in the erede[ﬁ—,&(t)/c] is the corresponding component of the
ground state. Finally, we have discussed the practical reaPeld-free dipole transition matrix element between the
ization of our scheme, showing that by means of a singléy . ng state and the continuum. Note that this part of the
field and one of its harmonics it is possible to prepare thejinsle moment is damped as the probability amplitude of the

initial coherent state. excited state, i.e., with the rate half that @1). Note also
that above expressions are, strictly speaking, only valid in
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APPENDIX: OTHER ESTIMATES

TN
OF CONVERSION EFFICIENCIES S(p.Lt) Kt (A4)

It is possible to generalize the approach of R&#] (see i the casgAl) and
also[19,20) to the case when initially the ground and ex-
cited states have nonvanishing probability amplituadesnd -
B and only the excited state is essentially depleted. The gen- S(p,t,t") = (K'=Ug+Up)t (AS5)
eralization is straightforward when there is no coupling of
these bound states other than via the continuum. One CaRA the casgA3), whereK andK’ denote the Corresponding
then follow the lines 0f19] and derive the expression for the harmonic orders.
relevant parts of the time-dependent dipole moment To compare the platcau levels we take
"=Uy—U.+K. That means that the same electron trajec-
tories provide the stationary points of the actigAgl) and

dpe(t)zilﬂlze‘ytftdt’f d3pd?[p—A(t)/c] (A5). As a result we obtain
0
> > > 2 - A r\ 4
xexp —iS(p.t,t") &t ) do p—A(t')/c]+c.c. %:2% dlP—A(M)/c] z(K_> , (A6)
Se 1BI°| dfp—At)c]| | K

(A1)

. , - , where the field-free dipole moments are calculated at the
In this expressiorte[ p—A(t)/c] is thez component of the  giationary points, i.e., for the continuum state corresponding
field-free dipole transition matrix element between they ihe electron returning to the nucleus at titnevith the

excited state and the continuum state characterized bg . L= .
R - ) _ ppropriate velocityp—A(t)/c. The factor 2 in above for-
the velocityv = p—A(t), p denoting the canonical momen- mula comes, as in Eq@), from the fact thatd,(t) is

tum, A(t)=[0,0A(t)] the vector potential, andE(t)  damped twice as fast a,(t), whereas the last factor in
= —(1/c)dA(t)/at is the electric field. FinallyS(p,t,t’) is  (A6) is a consequence of the second time derivative.

the quasiclassical actiondescribing the motion of an elec- To proceed further we limit our attention to the case when
tron moving in the laser field with a constant momentumthe kinetic energy of the returning electrok?/2

P, =[p—A(t)/c]?/2 is much larger that,,U,. In particular
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we consider the harmonics at the end of the plateaus, Sy |a|2 Ug 521 K
=220 | (A9)
Se Ue K

K=3U,+ U, andK’=U4+3U,. In such a case the field- 182
free matrix elements can be calculated using the plane waves
as the continuum stat¢46]

Note that in the considered case the two plateaus overlap
27/2(2Ueg)5/4pz (BUp>Ugy—U,) and K=K’, so that the expressiofA9)

N =j—— 9 T2 becomes, in fact,
deg(p) =i (F2r2Ung® (A7)
. . : . Sy |a|2<Ug)5/2
From the stationary point equation for the actithd), =20 = (A10)
d(S—Kt)/at=0, we obtain Se IBIF\Ue
[p—A(t)]2+2U,= 2K, (A8)  In this way we recover the expressi®) in the limit oppo-
site the one considered in Sec. Ill. This suggests strongly that

so that the result(A10) is universally valid.
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