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We discuss, via a numerical calculation, the main properties of atomic photoelectron spectra, as they would
be obtained by using a radiation pulse containingN11 frequencies associated with a ‘‘Dirac comb’’ ofN
higher harmonics together with the laser which has been used to generate them. We address more precisely the
physically relevant situation in which the harmonics have much weaker intensities than the one of the laser. In
such (N11)-color photoionization processes, the atom can simultaneously absorb harmonic uv photons and
exchange, i.e., absorb and/or emit,~via stimulated emission! laser ir photons. We have simulated the photo-
electron spectra by numerically solving the time-dependent Schro¨dinger equation for a three-dimensional
hydrogen atom in the presence of the radiation pulse. Our results show that, everything else being kept fixed,
the magnitudes of the photoelectron peaks are strongly dependent on the difference of phase between succes-
sive harmonics. This strong dependence results from interference effects taking place between competing
quantum paths leading to a given final state. An interesting feature is that these interferences involve transitions
in the continuum states of the atom and do not depend on resonances in the discrete spectrum. Another
interesting outcome of our study is to show that such effects should be observable with currently developed
harmonic sources.@S1050-2947~96!01007-4#

PACS number~s!: 32.80.Rm, 32.80.Fb, 42.65.Ky

I. INTRODUCTION

The main motivation of the present paper is to address the
possibility to perform a class of (N11)-color (N.1) photo-
ionization experiments, which fully exploit the unique char-
acteristics of high-order harmonic radiation emitted by atoms
in the presence of a strong laser field@1#. Amongst these
characteristics is the fact that the harmonic emission spec-
trum is constituted of coherent uv~and even soft x-ray! ra-
diation lines with equally spaced frequencies and comparable
intensities, the spacing being twice the frequencyvL of the ir
laser which has been used to generate the harmonics. We
shall outline the main features of the multicolor photoelec-
tron spectra obtained with such sources and shall consider
more particularly the possibility to determine the relative
phases of the harmonics themselves, these phases being one
of the key parameters governing the shape of the spectra.

In a previous work, we had considered two-color ir-uv
multiphoton ionization processes using simultaneously the
fundamental of a strong ir laser and one of its higher uv
harmonics, the latter having a frequency high enough to ion-
ize the atom, through single-photon absorption@2,3#. In such
conditions, ionization can result from the absorption of the
high-frequency photon together with the exchange of one or
several laser photons. The simulations were carried out via
an ab initio numerical resolution of the time-dependent
Schrödinger equation~TDSE! for a three-dimensional~3D!
hydrogen atom, and our results confirmed the feasibility of
observing such processes with currently developed harmonic
sources. Experiments, designed to explore this class of pro-
cesses are currently under way@4#, see also Ref.@5#.

Our original idea was to investigate the main features of
such laser-assisted single-photon ionization~LASPI! pro-
cesses and to discuss the modifications of the photoelectron
spectra which may arise as a result of interferences with the

above-threshold ionization~ATI !, which take place when-
ever an intense enough laser field is present. One of our
motivations was to explore the possibility to achieve a, at
least partial, coherent control of the photoelectron current.
Note that in such a scheme, one uses uv harmonics with an
intensity which is much lower than the one of the ir laser.
This contrasts somewhat with other currently explored sce-
narios relying on the use of lower harmonics with intensities
comparable to the laser’s@6#.

One of the main outcomes of our simulations was to evi-
dence the prominent role of the harmonic phase. Indeed, the
phase difference between the laser and its harmonic is one of
the key parameters which govern the relative intensities of
the photoelectron peaks in the two-color spectra. More pre-
cisely, it appears that the possibility to achieve a partial co-
herent control of the ionization process, strongly depends on
the harmonic phase. Note also that another most important
instance, in which the phases of the harmonic components of
the atomic dipole play a determining role, is related to the
propagation of the harmonics in the macroscopic medium in
which they are created@7#. These phase-matching properties
are essential, in fact, to design new harmonic-based, vuv or
soft-x-ray, coherent sources.

Although it has recently been shown, through a semiclas-
sical description@8# of harmonic generation by a single atom
on using a short-range potential@9#, that the harmonic phases
vary monotonously with the intensity of the driving laser
field @7,9,10#, their actual determination is still an open prob-
lem. One of the objectives of the present paper is to show
that a detailed study of multicolor photoionization spectra,
involving high harmonics and the~attenuated! laser field
which has been used to generate them, can provide interest-
ing information on the phase differences between successive
harmonics. With this end in view, we have taken advantage
of the fact that the harmonic spectra, emitted by laser-driven
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atoms, display a typical plateau in which successive~odd!
harmonics have comparable intensities@1,10#. An idealized
representation of these spectra is that of a Dirac comb, with
equally spaced frequencies separated by 2vL , wherevL is
the laser frequency. Then, if one simulates an
(N11)-color ionization experiment with a Dirac comb con-
stituted ofN harmonics, in the presence of the~attenuated,
this point is important! laser field, the resulting energy-
resolved photoelectron spectrum is extremely sensitive to the
phase differences between the harmonics. This feature,
which is typical of such (N11)-color spectra, will be illus-
trated in the following sections.

We shall briefly present the model and the techniques
used to perform the calculations in Sec. II. Then, in Sec. III,
we shall specialize the calculation to treat a (311)-color
scenario which is relevant to discuss recent experimental at-
tempts to observe such processes. The more general case of
an harmonic source constituted of a ‘‘Dirac comb,’’ is
treated in Sec. IV and a simplified discussion of the phase-
dependent interference patterns in the photoelectron spectra,
will be given in Sec. V. The paper ends with a brief conclu-
sion.

II. MULTICOLOR PHOTOELECTRON SPECTRA WITH
HIGH-ORDER HARMONIC RADIATION

Harmonic spectra generated by atoms submitted to an in-
tense laser pulse can be schematically represented as shown
in Fig. 1~a!. The harmonics within the plateau have approxi-
mately equal intensities and a subset of them can be ideal-
ized as a Dirac comb, see Fig. 1~b! @10#. One can use such a
finite subset to perform single-photon ionization experiments
in atoms, provided the frequencies are larger than the atomic
ionization frequency. Then the photoelectron spectrum ob-
tained from the above Dirac comb, would exhibit the typical
shape shown in Fig. 1~c!. See Ref.@11#, for an experimental
realization of such spectra. Note that in experiments one can
use multilayer mirrors in order to refocus and select some
harmonics. In a recent implementation of such a scheme@4#
three harmonic frequencies were present after reflection, as a
result of the finite bandwidth of the response~in the uv range
considered! of the mirror used.

If, in addition to the harmonic light, the ir laser radiation
is also present, the photoelectron spectra can be strongly
modified@2,3#. One expects, and one has indeed already ob-
served@4#, the presence of equally spaced new lines, sepa-
rated from the preceding ones byvL . At relatively low laser
intensities, namely, if the laser radiation does not contribute
to the ground-state depletion via the ATI, there is a global
conservation of the total ionization probability, and the role
of the laser is reduced to redistribute the photoelectrons
amongst the newly accessible continuum states. Accord-
ingly, the photoelectron peaks resulting from the absorption
of the uv photons will be depleted, the difference with the
laser-free spectrum being transferred to the new satellite
peaks. As we shall show below, the relative magnitudes of
the laser-assisted ir-uv photoelectron peaks strongly depend
on the relative phases of the harmonics.

The method we have used to simulate the photoelectron
spectra has been previously described in Refs.@2,3#. Here we
only briefly mention that it is based on a numerical resolu-

tion of the TDSE for a 3D hydrogen atom in an external
radiation field, which is much similar to the one imple-
mented by Kulander, Schafer, and Krause@12#. We have
modeled the time dependence of the multicolor pulse with a
trapezoidal envelope of a total duration of eight laser cycles
including one-cycle turn on and turn off. For instance, for the
laser pulse one has

F1~ t !5~ t/TL!F1,maxsin~vLt !, 0<t,TL

F1~ t !5F1,maxsin~vLt !, TL<t,7TL

F1~ t !5@82~ t/TL!#F1,maxsin~vLt !, 7TL<t<8TL .
~1!

FIG. 1. ~a! Schematic representation of an harmonic spectrum;
~b! enlargement of the spectrum showing the ‘‘Dirac comb’’ of
harmonic frequencies used in the calculation;~c! Photoelectron
spectrum obtained from hydrogen 1s with a radiation pulse contain-
ing the harmonics shown above:vL51.55 eV, I H533108

W/cm2 ~see text!.
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Unless otherwise mentioned the laser frequency is
vL51.55 eV ~Ti:sapphire laser!. The photoelectron spectra
are obtained from a spectral analysis of the atomic wave
function after the end of the pulse@13#; see also Ref.@3#, for
more details regarding the technicalities of our computations.
We turn now to a discussion of the (311)-color spectra, a
scenario which is relevant to qualitatively discuss recent ex-
periments.

III. „311…-COLOR PHOTOIONIZATION SPECTRA

We have first addressed the case in which three harmonics
with unequal intensities are used. This situation approxi-
mately models preliminary experimental attempts to observe
the process in He, using uv harmonics of a Ti:sapphire laser
at the femtosecond laser facility in Palaiseau, in which a
multilayer mirror was used to select the needed frequencies
@4#. The photoelectron spectrum, obtained with the sole har-
monics, then consists of three peaks with relative magnitudes
as shown in Fig. 2.

Before proceeding, a few comments are in order. The
spectrum shown in Fig. 2 has been simulated in hydrogen,
with the harmonics 13, 15, and 17 of the laser frequency
vL51.55 eV. We have chosen these frequencies in order to
reproduce a photoelectron spectrum with the same character-
istics as the one obtained in the above-mentioned experi-
ment. Note that we have checked, by comparing with a time-
dependent Hartree-Fock calculation for He, that the main
conclusions which can be drawn from our study in hydrogen
are not altered when considering a more sophisticated model,
at least in the low-intensity regime considered here. We have
kept with the calculation in hydrogen for the sake of compu-
tational convenience. Then, in order to reproduce the spec-
trum in Fig. 2, the intensities of each harmonic component
must be as shown in the inset. In fact, any departure from
these relative intensities would notably modify the photo-
electron spectrum, a feature which provides a quite stringent
test on the relative intensities of the harmonics and, conse-
quently, on the frequency dependence of the reflectivity of
the mirrors. Note that in the course of the reflection process

the phases of the harmonics are changed. The corresponding
changes can be estimated and we shall not discuss this point
here.

Another feature in our treatment, which deserves some
comments, is that we have assumed that the harmonic pulses
have the same duration, namely, the one of the laser which
has been used to generate them, i.e., eight laser cycles as
explained above. This may seema priori unrealistic as it is
known that the actual duration of the harmonic emission, not
only varies with the harmonic order, but can be also much
shorter than the laser pulse@14,15#. One should keep in
mind, however, that the relevant time length is given by the
overlap between the pulses, provided the laser itself does not
significantly contribute to the ionization process, a condition
which is fulfilled in the present discussion. It appears also
that, at the relatively low intensities we shall consider here,
the magnitudes of the peaks are directly proportional to both
the intensity and duration of the pulse, as expected in a
lowest-order perturbative regime. One can then play with
these two parameters in order to reproduce a given spectrum,
at least within an overall multiplicative factor. For instance,
for the chosen duration of the trapezoidal harmonic pulses,
the photoelectron spectrum shown in Fig. 2 has been ob-
tained for the following maximum harmonic intensities
shown in the inset:I 13553107 W/cm2, I 15533108 W/cm
2, I 1751.653108 W/cm2. Once these relative intensities
are determined, one can consider the situation in which one
adds a fourth color, namely, the laser radiation with a mod-
erate intensityI 15831011 W/cm2. This corresponds to an
intensity regime in which lowest-order perturbative estimates
are expected to account fairly for the processes. Then, as
shown in Figs. 3, some new photoelectron lines do appear
resulting predominantly of two-photon processes involving
the exchange of one laser photon in addition to the absorp-
tion of the uv photons@16#. In fact, in order to investigate the
role of the relative phases of the harmonics, we have consid-
ered the following time dependences of the fields in the time
intervalTL<t<7TL : F1(t)5F1,maxsin(vLt) for the laser and
F2N11(t)5F2N11,maxsin@(2N11)vLt1f2N11# for the har-
monics, with 2N11513,15,17 and where the phases
f2N11 are the phases differences between the harmonics and
the laser att50.

Shown in Fig. 3~a! is the photoelectron spectrum for the
~oversimplified! test case in which the three harmonics have
the same phase as the one of the laser, i.e.,
f135f155f1750. One observes the presence of new, rela-
tively small, satellite peaks. Comparing with the laser-free
spectrum displayed in Fig. 2, one notes also that the new
peaks have grown at the expense of the original ones which
are slightly depleted. This was expected since the overall
ionization probability is unchanged, the laser itself being not
intense enough to contribute to the ground-state depletion,
for such a short pulse.

Changing the phases can dramatically modify the photo-
electron spectrum. For instance, if the phases differences
are: Df15,135f152f135p, and Df17,155f172f155p,
the spectrum changes as shown in Fig. 3~b! ~note the change
of scale!. We have introduced the phase differences between
successive harmonics because it appears that they are the
relevant parameters for discussing these effects. This point
will be addressed in more detail in Sec. V below. For this

FIG. 2. Three-color photoelectron spectrum, for a radiation
pulse containing the 13th, 15th, and 17th harmonics of a Ti:sapphire
laser,vL51.55 eV. The inset shows the corresponding harmonic
intensities needed to reproduce the spectrum~see text!.
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choice of phases, one observes that the satellites are much
bigger: their magnitudes are now comparable to the ones of
the original peaks which, in turn, are significantly depleted.
The strong dependence of the sizes of the satellite peaks on
these phases results from the fact that each of them can be
reached via,~at least two! distinct quantum paths. It indicates
also that the amplitudes associated with each of these paths
have comparable magnitudes, so that strongly destructive in-
terferences can occur. We shall also address this point in
more detail in Sec. V.

In Fig. 3~c!, we have presented a (311)-color photoelec-
tron spectrum in which the relative heights of the peaks are
similar to the ones observed in the above-mentioned experi-
ment @4#. It is shown here as an illustrative example of the

feasibility of determining the relative phases of the harmon-
ics, starting from an experimental spectrum. For this spec-
trum, the respective phases differences areDf15,13590° and
Df17,15590°, respectively. We turn now to to a brief de-
scription of the method used to determine these phases.

The main idea is to monitor the variations of the relative
heights of the peaks in terms of the phase differences be-
tween the harmonics and then to find the optimal combina-
tion needed to fit the spectrum. Here, more precisely, for the
above set of fields intensities, we have monitored the heights
of the peaks labeled (a), (b), and (g) in Fig. 3~a!. Note that
these peaks can be associated with the following net absorp-
tion of energies:Ea514vL Eb515vL Eg516vL , and that
the peaks (a) and (g) are reached through the exchange of
at least one laser photon, in addition to the absorption of one
uv ~odd! harmonics. These peaks are obviously the most sen-
sitive to interference effects. In Fig. 4~a! are reported the
variations of the height of the peak (a), in terms of the phase
differenceDf15,13, the other differenceDf17,15 being kept
fixed at the indicated values. Parallely, are shown the varia-
tions of the heights of the peaks (b) Fig. 4~b! and (g) Fig.
4~c!.

Several interesting conclusions can be drawn from the
perusal of this set of figures. First, the peak (a) is the one
which is the most sensitive to the phase difference
Df15,13. This results from the fact that it can be reached via
two dominant quantum paths involving either the absorptions
of the 13th harmonic and of one laser photon, or the absorp-
tion of the 15th harmonic and the~stimulated! emission of
one laser photon. In such a case, the resulting probability
amplitude depends strongly on the phase difference between
the two harmonics, as will be shown in Sec. V. One observes
that the maximum height for (a) is reached for values of
Df15,13 slightly larger thanp @compare with Fig. 3~b!, in
which Df15,135p#. The interesting point is that the varia-
tions of this peak are linked to the ones of the peak (b), see
Fig. 4~b!, in the sense that any growth of (a) occurs at the
expense of (b). This is a direct consequence of the overall
conservation of the ionization probability, as already men-
tioned. Things are, however, slightly more complicated as a
result of the fact that the peak (b) is depleted also when
transitions leading to the peak (g) take place. These are,
however, less affected by changes inDf15,13, as can be
checked on Fig. 4~c!.

Performing a similar analysis for the influence of
Df17,15, one can univocally find the set of phases differ-
ences which permit to fit the spectrum, Fig. 3~c!. As already
mentioned the values found to fit this almost symetrical spec-
trum areDf15,175Df15,13590°. Note that this result seems
to indicate that in the above-mentioned experiment the har-
monic phases vary monotonously, not only with the laser
intensity but also with their order. As we shall show next the
same analysis can be straightforwardly extended to the cases
in which more than three harmonics are present.

IV. „N11…-COLOR „N>3… PHOTOIONIZATION
SPECTRA

It is enough to consider the caseN55 to illustrate the
main features of such spectra. If the uv harmonics have equal
intensities, the five-color photoelectron spectrum obtained

FIG. 3. Effect of the harmonic phases on the
(311)-photoelectron spectrum, withvL51.55 eV, I L5831011

W/cm2, the three-color spectrum being shown in Fig. 2;~a!
Df15,135Df17,1550; ~b! Df15,135Df17,155p; ~c!
Df15,135Df17,155p/2.
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without the laser has the shape already shown in Fig. 1~c!.
Adding a sixth color, namely, the ir laser radiation leads to
photoelectron spectra such as the ones displayed in the Fig.
5. We will exemplify the influence of the harmonic phases in
this set of figures, in which the respective intensities of the
laser and of the harmonics are kept fixed as follows:
I 15831011 W/cm2; I j533108 W/cm2, where here
j511, . . . ,19.
First is shown in Fig. 5~a! the case in which the harmonics

have all the same phase, i.e.,Df i , j50, where the indices
i , j label consecutive~odd! harmonics. Quite surprisingly, no

new satellite peaks show up between the original ones, at
least with the linear scale chosen here. In fact they differ by
almost two orders of magnitudes from the ones originating
from the absorption of the harmonics. There is, however, a
notable exception for the two small peaks located on each
side of the original distribution. These peaks are the only
ones which cannot be reached via interfering paths, at least
in the low-intensity regime considered here. This indicates
that if the harmonics had the same phase, the presence of the
laser almost would not change the photoelectron spectrum.
This results from strong destructive interferences which sys-
tematically take place for the peaks associated to laser-
assisted transitions which can occurr via distinct quantum

FIG. 4. Peak heights of the photoelectron spectrum as a function
of the phase differenceDf15,13, Df17,15 being kept fixed at the
indicated values: full line,Df17,1550; dashed line,Df17,155p/2;
dotted line,Df17,155p; dashed-dotted line,Df17,1553p/2. The
graphs~a!, ~b!, and ~c! correspond to the peaks labeled (a), (b),
and (g) in Fig. 3~a!, the frequencies and intensities being un-
changed.

FIG. 5. Effect of the harmonic phases on the
(511)-photoelectron spectrum, withvL51.55 eV, I L5831011

W/cm2, the five-color spectrum~‘‘Dirac comb’’ ! being shown in
Fig. 1~c!; ~a! (f11,f13,f15,f17,f19)5(0,0,0,0,0); ~b!
(f11,f13,f15,f17,f19)5(0,p,0,p,0); ~c! average over all pos-
sible phases.
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paths. Moreover, the strong cancellations observed are the
signature of the fact that the amplitudes associated to the
interfering paths have almost equal magnitudes.

We turn now to another extreme case in which the suc-
cessive harmonics have phases which differ fromp, i.e.,
Df i , j5p, nothing else being changed with respect to the
preceding case. The photoelectron spectrum is now dramati-
cally changed, see Fig. 5~b!. The satellite peaks become
dominant, the original ones being notably depleted. This
clearly indicates that constructive interferences have now
taken place.

One can also simulate situations in which there would be
no phase relations between the harmonics. This would cor-
respond to a case in which the photoelectron spectrum would
result from an average over several shots with different har-
monic phases. Such a case is simulated in Fig. 5~c!, in which
one observes that the satellites have magnitudes comparable
to the ones of the original peaks. Note that we have verified
that a much similar spectrum could be reproduced by assum-
ing that the sequence of phases differences is
(0;p/2;0;p/2;0). Comparing the set of Fig. 5 helps to evi-
dence the strong influence of the harmonic phases and also
hints at the possibility to determine them from the analysis of
multicolor photoelectron spectra. As the role of quantum in-
terferences is essential in the interpretation of these spectra,
we turn now to a brief discussion of a typical~though sim-
plified! case.

V. „211… QUANTUM INTERFERENCES

For the sake of discussion, we consider the typical case of
two distinct two-photon transition amplitudes leading to the
same satellite line, denoted (a), in a (211)-color photo-
electron spectrum, see Fig. 6. One assumes that the fields
have frequenciesvL for the laser andvp5(2p21)vL and
vp115(2p11)vL , for the harmonics. We assume, in addi-
tion, that we are in a low-intensity regime, so that lowest-
order perturbation theory can provide sensible estimates of
the transition probability. Within this framework, it is
enough to assume that the fields have constant amplitudes, as
follows:

F1~ t !5 iF 1e1@exp~ ivLt !2exp~2 ivLt !#, ~2!

which can account for both emission and absorption of laser
photons, and

Fj~ t !5F jejexp@2 i ~v j t1f j !#, ~3!

where the indicesj label the harmonics ande15ej are the
linear polarization vectors for the laser and its harmonics,
which are assumed to be parallel. Here we have assumed
positive harmonic frequencies to account for the absorption
of one of either harmonic photons. Once the time integration
is performed one is left with a transition probability ampli-
tude to reach the state (a) which can be split as follows:

Ta5 i @F1Fp11exp~2 ifp11!Mp112F1Fpexp~2 ifp!Mp#,
~4!

where Mp and Mp11 are related to lowest-order~here
second-order! perturbative amplitudes associated to the paths
labeled (a) and (b) in Fig. 6. Note that there are other

second-order transition amplitudes leading to the same final
state, in which the laser photon is exchanged first. However,
these amplitudes do not contribute to the interference effects
discussed here and, moreover the contributions of the ones
shown here are by far dominant. The quantitiesM j read

M j5^caue1•rG~e1s1v j !ej•r uc1s&

5uM j uexpiu j , ~5!

whereu j is a characteristic atomic phase andG(V) is the
Coulomb Green’s function. We note that the final continuum
state (a) is, in this lowest-order approximation, a superposi-
tion of s andd states. Replacing in Eq.~4! for Ta and as-
suming that the harmonic fields have equal intensities, i.e.,
thatFp5Fp115FH , one has

Ta5 iF 1FH@ uMp11uexpi ~up112fp11!

2uMpuexpi ~up2fp!#. ~6!

The transition probability is then proportional to

uTau25F1
2FH

2 ~a2bcosDf2csinDf!, ~7!

whereDf5fp112fp , the coefficientsa, b, andc being
atomic quantities, expressed in terms of the reduced matrix
elementsMp andMp11

FIG. 6. Energy diagrams schematically representing photoion-
ization processes involving, respectively:~a! absorption of the
(2p11)th harmonic followed by the emission of a laser photon;~b!
absorption of the (2p21)th harmonic followed by the absorption
of a laser photon. A photoelectron spectrum corresponding to the
process is shown on the right-hand side.
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a5uMpu21uMp11u2,

b52uMpMp11ucosDu,

c52uMpMp11usinDu, ~8!

whereDu5up112up .
This simplified form of the transition probability helps to

discuss the interference effects observed above. For instance,
the magnitudes of the photoelectron peaks depend only on
the harmonic phases differences anddo not dependon the
relative phases of the harmonics with respect to the one of
the laser. Another point is that strong interferences occur if
uMpu'uMp11u. This happens in the limiting case of very
high harmonics (p..1), where we have in addition
up'up11 , which leads to strongly destructive~constructive!
interferences forDf50 (Df5p). We have checked, by
using the 31st and 33rd harmonics, that this is indeed the
case, see Fig. 7. This confirms, in a somewhat amplified
fashion, the tendency already observed in Figs. 5. Indeed, at
lower harmonic frequencies,Mp andMp11 are more differ-
ent, therefore, the interferences are not so strong and the
values ofDf for which they occur are slightly changed.

This shows that multicolor photoionization spectra can be
used as a sensitive probe of the phase differences between
successive harmonics. As already mentioned, these phases
are important intrinsic properties of the harmonics and their
determination would present a great interest as it would pro-
vide fundamental informations on the basic mechanisms
leading to the generation of this source of uv radiations. One
notes that, to date, besides the results of semiclassical simu-
lations@7,9,10#, and of a quantum computation for a simpli-
fied two-level atomic model@17#, there exists no systematic
study of the dependence of the harmonic phases as a function
of the parameters of the laser. Our results indicate that these
phases could, at least in principle, be determined through
(211)-color photoionization experiments. Note that this
phase determination should be easier for high harmonics.

VI. CONCLUSION

We have presented a computation of (N11)-color atomic
photoionization spectra, as they should be observed when
using a radiation pulse containing a Dirac comb ofN har-
monic uv frequencies, together with one of the ir laser which
has been used to generate them. If the harmonic frequencies
are high enough to lead to single-photon ionization, they are
then very efficient to ionize the atomic target, even at the
intensities attained by the currently developed harmonic
sources. In the presence of theN harmonics the photoelec-
tron spectrum consists ofN equidistant lines, separated from
each other by 2vL . When the laser is also present, additional
satellite peaks do appear, which are located in between the
preceding ones.

A remarkable result of our analysis is that the satellite
peaks have notable magnitudes, even at moderate laser inten-
sities. In fact, even in the regime in which lowest-order per-
turbation theory applies, the satellite peaks can have magni-
tudes comparable to the ones of those resulting from the
absorption of harmonic photons. This results from the strong
free-free radiative coupling induced by the ir laser field, be-
tween continuum states. One observes further that the satel-
lite peaks grow at the expense of the original ones, the total
ionization probability not being significantly changed by the
presence of the laser in the short pulses considered here.
Even more interesting is the strong sensitivity of the magni-
tudes of the photoelectron peaks on the phases of the har-
monics. We have shown that extreme situations can be envi-
sioned, such as the satellite peaks being almost negligible or,
on the contrary, being dominant. The relevant parameter to
control the relative heights of the peaks is the phase differ-
ence between successive harmonics.

Such strong variations result from the fact that the inter-
fering amplitudes leading to the satellite final states have
comparable magnitudes and opposed signs. A second-order
calculation in hydrogen confirms the fully numerical ap-
proach. We believe that such a result should be transposable
to other atomic systems as the physics of the process is
dominated by the properties of free-free transition ampli-
tudes in the continuum. We note that contrary to what occurs
at higher laser intensities@2,3#, the phase difference between
the harmonics and the laser has no direct influence on the
heights of the photoelectron peaks. As a consequence, we
believe that the study of (N11)-color photoionization spec-
tra should allow one to determine the relative phases of suc-
cessive harmonics, an intrinsic quantity of interest from both
the experimental and theoretical points of views. One could
argue that in realistic experimental conditions, the harmonic
phases may vary during the pulse duration, as the phases are
intensity dependent. However, recent simulations indicate
that the phase differences between successive harmonics re-
main constant@7#. Therefore, we think that our method
should work, even for an intense femtosecond pulse. Finally,
as it is in principle possible to modify the phases of the
harmonics, this opens the possibility to achieve the control of
the magnitudes of given photoelectron peaks.

Note added in proof.Recently, an experimental work has
been reported in which~411!-color photoelectron spectra
are observed@18#.

FIG. 7. Effect of the harmonic phases on the
(211)-photoelectron spectrum, for a radiation pulse containing the
fundamental frequency of a Ti:sapphire laser,vL51.55 eV,
I L51011 W/cm2 and its 31st and 33rd harmonic with a fixed inten-
sity I H533109 W/cm2. Left panel: Df50; right panel:
Df5p.
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