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The high-harmonic generation in a plasma or gas under conditions when the single-atom response is affected
by neighboring ions or atoms of the medium is studied theoretically. We solve numerically the three-
dimensional Schrödinger equation for a single-electron atom in the combined fields of the neighboring particles
and the laser, and average the results over different random positions of the particles using the Monte Carlo
method. Harmonic spectra are calculated for different medium densities and laser intensities. We observe a
change of the harmonic properties due to a random variation of the harmonic phase induced by the field of the
medium, when the medium density exceeds a certain transition density. The transition density is found to
depend on the harmonic order, but it is almost independent of the fundamental intensity. It also differs for the
two sshorter and longerd quantum paths. The latter effect leads for ionic densities in the transition regime to a
narrowing of the harmonic lines and a shortening of the attosecond pulses generated using a group of
harmonics.
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I. INTRODUCTION

High-harmonic generationsHHGd is one of the funda-
mental nonlinear processes in strong-field physics. Due to
the interaction with an intense short laser pulse a gas of
atoms or molecules emits coherent radiation at odd multiples
of the laser frequency. The harmonic spectrum has a univer-
sal characteristic shape with a slow decrease for the first few
harmonics, followed by a plateau region of harmonics having
similar intensity, which ends with a sharp cutoff. Harmonic
frequencies can exceed 300v se.g.,f1gd, wherev is the fun-
damental laser frequency. Therefore, HHG provides an effi-
cient source of ultrashort coherent radiation in the vacuum
ultraviolet and soft x-ray spectral range. Applications of such
light sources are time-resolved x-ray spectroscopy and mi-
croscopy as well as nanoscale lithography and holography.
Further, subfemtosecond pulse trains can be obtained by a
superposition of several harmonics from the plateau region
se.g., f2,3gd or single subfemtosecond pulses can be gener-
ated from harmonics at the cutoffse.g.,f4gd.

The current understanding of HHG has been established
from theoretical research assuming the interaction of a laser
pulse with gases at low pressures. In this case the process can
be described as a purely single-atomsor single-moleculed
phenomenon, neglecting the effects of the other ions or at-
oms in the neighborhood. The surrounding medium is con-
sidered for the phase-matching effects and the propagation of
the harmonics only. For the isolated atom the main charac-
teristics of HHG can be explained by the semiclassical three-

stepsor rescatteringd model f5,6g. According to this model,
first, the atom gets ionized by tunneling of an electron
through the potential barrier of the combined Coulomb and
laser fields, then the electron is accelerated in the laser field,
and finally for linear polarization of the field it may return to
the parent ion and recombine under the emission of a har-
monic photon. An important feature of the model is that it
predicts correctly the universal cutoff of the harmonic spec-
trum atIp+3.17Up whereIp is the ionization potential of the
atom andUp=E2/4v2 is the quiver energysin hartree atomic
unitsd of a free electron in the laser field of an amplitudeE.
A quantum-dynamical description of HHGf7,8g has con-
firmed the interpretation provided by the semiclassical three-
step model. Moreover, the quantum model revealed the role
of two different quantum paths of the electron wave packet
for the generation of the harmonics in the plateau region. The
two paths differ in the time interval between the moment of
creation of the wave packet in the continuumstunnelingd and
the time instant of recombination. They are usually referred
to as short and long quantum pathssor shorter and longer
electron trajectories in the semiclassical three-step modeld. In
the plateau region of the spectrum the contributions of the
two paths can be distinguished: the central peak of a har-
monic is generated by the contribution of the short quantum
path while the sidebands appear due to the long quantum
path f8–10g. On the other hand, in the cutoff region the two
contributions usually strongly interfere and cannot be sepa-
rated.

Thus, the HHG process is essentially determined by the
evolution of the electron wave packet in the continuum. In
the usual single-atom approximation this evolution is gov-
erned by the oscillating field of the laser and the field of the
parent ion only. One may expect, however, that at suffi-
ciently high intensities of the laser and high densities of the
medium the quantum paths of the wave packet will be per-
turbed by the fields of other ions or atoms in the vicinity.
This impact of the surrounding medium on the high-
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harmonic spectrum is not well studied up to now, although it
is interesting in many respects. First, the efficiency of HHG
depends on the number of generating particles, and thus in
particular on the medium density. Therefore, a high medium
density is desirable, but naturally the unique characteristics
of the radiation should not be affected by the influence of the
ionic satomicd neighborhood. It is therefore essential to get
knowledge about a maximum tolerable medium density to
achieve highest efficiencies; some estimations of this density
were done inf11g. Next, emission of radiation from an ex-
tended dense medium, namely, an expanding water micro-
droplet, has been studied in an experiment recentlyf12g. A
transition from pure incoherent plasma emission to coherent
HHG was observed, when the particle density in the micro-
droplet decreased. These observations indicated the existence
of an optimum medium density for HHG. Finally, in a recent
numerical study using a one-dimensional modelf13g it has
been found that in a partially ionized medium harmonic en-
ergies well beyond the single-atom cutoff can be generated.
These harmonics are identified to be generated when an elec-
tron emitted by one atom is captured by a neighboring ion.
Such an extension of the harmonic spectrum would be cer-
tainly of much interest in view of its applications.

In this paper we study theoretically HHG in a gas or a
plasma of relatively high pressure, namely, under conditions
when the harmonic generation due to the rescattering mecha-
nism is affected by neighboring ionssor atomsd. The har-
monic response is found by solving numerically the three-
dimensional Schrödinger equation for a single-electron atom
in the combined fields of the laser and of the neighboring
ions or atoms, and the results are averaged over different
random positions of the ions or atoms using the Monte Carlo
method. We concentrate here on the effects of the ionic
satomicd medium on the atomic response and do not consider
other macroscopic effects, such as phase matching, etc. Har-
monic spectra are calculated for different medium densities
and are compared with those generated by the single atom
swithout mediumd. As will be seen below, there is atransi-
tion medium density above which the coherent harmonic re-
sponse differs in the shape of its envelope and shows a de-
crease in intensity compared to the low-density single-atom
predictions. The numerical results for the transition density
will be compared with simple analytical estimations and the
observations in a recent experiment. An investigation of its
dependence on the fundamental intensity and the harmonic
order as well as on the different quantum paths will allow us
to obtain further insight into the physics of HHG in a dense
medium. Finally, we will discuss the impact of our findings
on applications of high harmonics in spectroscopy and at-
tosecond pulse train generation.

II. NUMERICAL MODEL

The harmonic response of an atom in a medium, induced
by a short intense laser pulse, is obtained numerically by
solving the three-dimensional time-dependent Schrödinger
equation for a single-electron atom in the superposition of
the external fields of the medium and a linearly polarized
laser shartree atomic units are used throughout;e=me="
=1d:

i
]csr ,td

]t
= S p̂2

2
+ zFstd + Vparentsr d + Vmediumsr dDcsr ,td,

s1d

whereF is the instantaneous value of the laser field:

F = Estdcossvtd, s2d

with

Estd = E0 sinS tp

2T
D . s3d

v is the laser frequency,T is the laser pulse durationsfull
width at half maximum of the intensityd, andz is the projec-
tion of r on the polarization direction of the laser field.Vparent
and Vmedium are the potentials of the parent ion and of the
medium, which are given in cylindrical coordinatessz,rd, as
sthe origin of the coordinate system coincides with the parent
iond

Vparentsr d = Vparentsz,rd = VionsÎz2 + r2d s4d

and

Vmediumsr d = Vmediumsz,rd

= o
j=1

M
1

2p
E

0

2p

df

3Vion,atomsÎsz− zjd2 + r2 + r j
2 − 2rr j cosfd s5d

wherehzj ,r jj is a set of positions of the ions or atoms in the
medium, andM is the number of particles withM =nv,
wheren is the medium density andv is the volume of the
medium. In the simulations this volume is chosen to be much
larger than the computational box. It has been tested that the
volume is large enough that particles outside of it have no
effect on the HHG. Note that such an “axially symmetric”
medium potential, Eq.s5d, certainly does not reproduce cor-
rectly the effect of the medium on the electron motion in the
radial direction; however, as will be discussed below, this
effect is negligible in comparison with the effect on the lon-
gitudinal motion, which is reproduced adequately in Eq.s5d.

As gas medium we have considered an ensemble of argon
atoms or ions. For the ionic and atomic potentials in Eqs.s4d
and s5d we have, therefore, used approximate potentials of
the form

Vionsrd = −
1 + A exps− rd

Îa2 + r2
, s6d

with A=5.4 anda=2.125, and

Vatomsrd = 5− B expf− sr/b1d − sr/b2d2g, r ø 1.7,

−
D

sd2 + r2d2 , r . 1.7,6 s7d

with B=3.012, b1=1.11, b2=2.09, D=5.357, andd=1.05.
The ionic potential Eq.s6d has similar properties to the one
suggested inf14g. The ground-state eigenenergy of an elec-
tron bound in this potential reproduces correctly the ioniza-
tion energy of Ar and the binding energies of the two lowest
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excited states are close to the corresponding energies in the
argon atom. The atomic potential Eq.s7d coincides with the
ionic potential in the vicinity of the origin and reproduces
f15g the attraction of the electron to the argon atom for large
r due to polarization of the atom.

In order to calculate the harmonic response in the medium
we have used the Monte Carlo method. A set of random
positionshzj ,r jjk of ions sor atomsd is generated for a given
medium densitysk is the number of the Monte Carlo at-
temptd and the medium potentials5d is calculated. In Fig. 1
we present samples of the potentialVparentsz,rd
+Vmediumsz,rd in the vicinity of the origin for certain random
sets of positions of the ions. The initial wave function
csz,r ,t=0d is chosen to represent an electron in the lowest
bound state of the potentials6d. Then, the Schrödinger equa-
tion s1d is solved and the second derivative of the atomic
dipole momentswhich is proportional to the force acting on
the electrond is obtained as

fkstd = Fstd − kcsz,r,tdu
]

]z
fVparentsz,rd

+ Vmediumsz,r,hzj,r jjkdgucsz,r,tdl, s8d

which is expanded in a Fourier seriesfksVd. To simulate the
response of many atoms in the medium these steps are re-
peated until the Monte Carlo average

fsVd =
1

N
o
k=1

N

fksVd s9d

converges. The required number of runs,N, in our calcula-
tions ranged from several tens to several hundreds depending

on the medium density, for instance,N=20 for the density
1018 cm−3 and N=320 for the density 1020 cm−3. The har-
monic spectrum is then given by the coherent response
ufsVdu2 of this Monte Carlo simulation.

III. RESULTS AND DISCUSSION

A. Estimation of the transition density

Before proceeding with the results of the numerical cal-
culations, we estimate analytically the density of a fully ion-
ized medium, which is sufficient to affect the high-harmonic
spectrum significantly. To this end, we consider the phase of
a harmonic with frequencyV, generated due to the propaga-
tion of a wave packet in the continuum, which is given by
sf16g; see alsof17g and references thereind

wsE,Eextd = −
1

2
E

ti

tr

p2stddt − Ipt + Vtr , s10d

whereti andtr are the time instants of ionization and recom-
bination, respectively, andp is the mechanical momentum of
the electron in the combined fields of the laser,E, and an
ionic backgroundsmediumd, Eext,

pstd =
E

v
ssinvt − sinvtid − st − tidEext. s11d

Ip is the atomic ionization potential andt= tr − ti is the time
of free motion of the electron. Note that we have considered
in Eq. s11d the component of the external field due to the ion
attraction along the polarization of the laser field only. We
may further stress thatpstd as well asti andtr depend on the
strengths of both fields.

Random distribution of the positions of the ions leads to a
random variation of the phase, which will be as larger as
stronger is the external fieldEext and, hence, as larger is the
density of the medium. Therefore, an increase of the density
of the medium will result in a transition from a coherent
harmonic response to an incoherent plasma emission. We
may define a transition density by the concentration of ions,
at which the coherent harmonic response is reduced approxi-
mately by a factor of 2, compared to the case of single-atom
response without ionic backgroundsEext=0d. This is satisfied
if

uwsE,Eextd − wsE,Eext = 0du = p/4. s12d

Approximating the attractive field of the ionic background
by a homogeneous field

Eext = 1/R2, s13d

whereR=n−1/3 is the interparticle distance andn is the den-
sity of the medium, we obtain from Eq.s12d, after lengthy
but otherwise elementary mathematics, the transition density
ntr as

FIG. 1. Samples of the potentialVparentsz,rd+Vmediumsz,rd for
certain random realizations of the ion positions, generated for the
ionic medium density equal to zerosad, 1020 cm−3 sbd, and 3
31020 cm−3 scd.
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ntr = FU 4

p
S Iptf2pstrd + Et cosvtrg

2E cosvtifpstrd + Et cosvtrg

+
2pstrd + Etscosvti + cosvtrd

2v2 DUG−3/2

s14d

where the instantsti and tr are those in the absence of the
ionic background field. Estimations calculated using Eq.s14d
will be presented and discussed along with the results of the
numerical calculations in the next subsection.

Equations14d can be considered as anupper limit for the
transition density, since we have approximated the ionic
background field as homogeneous. This ansatz is valid, if the
mean distance between the ions,Rtr, is much larger than the
excursion length of the electronic wave packet,Rexcursion.
Thus, the effect of the neighboring ion on the motion of the
wave packet is underestimated by Eq.s13d and the real tran-
sition density is expected to be somewhat smaller than the
value estimated above.

We may finally note that the transition density Eq.s14d
has been obtained by taking into account the component of
the ionic attraction along the polarization direction only. We
have estimated the effect of the transverse component of the
external field on the wave-packet motion, following the same
steps as above, and found that the effect on the transverse
component is essentially weaker than the effect on the lon-
gitudinal component; thus the former can be omitted.

B. Numerical results

We present the results of the numerical simulations for
HHG of Ar obtained from Eqs.s8d ands9d. We have consid-
ered the interaction with a pulse having a typical wavelength
of a Ti:sapphire laser,l=800 nm, and the duration was 50 fs
in most of the calculations; otherwise it is stated explicitly.

In Fig. 2 we show a comparison of the harmonic spectra
generated in the presence of an ionized background medium
having a density of 1020 cm−3 spanels on the right-hand sided

with those obtained without mediumspanels on the left-hand
sided at two intensities of the laser field. In all cases a typical
harmonic spectrum is seen with peaks at the odd multiples of
the fundamental frequency. But, from the comparison we ob-
serve that in the presence of the medium the envelope of the
spectrum is strongly modified. The intensities of the har-
monic lines are reduced, which is due to the increase of
incoherence in the harmonic response caused by the varia-

FIG. 3. Lines of the 11thsad and the 25thsbd harmonics without
mediumsdotted lined and in an ionized mediumssolid lined. Same
parameters as in Fig. 2, upper row. The spectra are renormalized to
match at the maximum.

FIG. 2. Harmonic spectra gen-
erated from an Ar atom at intensi-
ties 1.531014 supper rowd and 2
31014 slower rowd W/cm2 with-
out mediumsleft columnd and in a
fully ionized medium of density
1020 cm−3 sright columnd are com-
pared. Groups of harmonics used
in the further analysis below are
marked.
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tion in the harmonic phase. Further, it is seen from the com-
parison that the harmonic lines appear to be much sharper in
the presence of the ionic medium than for the single-atom
response.

The latter feature can be analyzed in more detail from the
results for the 11thfFig. 3sadg and the 25thfFig. 3sbdg har-
monics, generated at an intensity of 1.531014 W/cm2. The
line from the lower part of the plateau consists in the absence
of the ionic backgroundsdotted lined of a sharp central peak
and two sidebands. These sidebands disappear in the pres-
ence of the ionic mediumssolid lined. As has been explained
at the outset, the sidebands arise due to the contribution of
the longer quantum path of the electron wave packet in the
continuum, while the central peak can be related to the
shorter quantum path. Thus, the suppression of the sidebands
indicates that the harmonic component generated due to the
longer quantum path is more sensitive to the presence of the
medium. For the harmonic line from the cutoff regionfFig.
3sbdg we see a double-line structure in the absence of the
medium sdotted lined and again a sharp single line in the
presence of the ionic backgroundssolid lined. The double-
line structure appears due to the strong interference of the
contributions of both the quantum paths. Its change into a
single line in the presence of the medium is consistent with
our interpretation that the long quantum path will be affected
more strongly by the ionic background than the shorter one.
For the present parameters the contribution of the short path
to the high-harmonic spectrum appears to be effective alone.

Next, we have studied the harmonic spectra as a function
of the medium density in order to see whether or not a tran-
sition from coherent harmonic generation to incoherent
plasma emission can be identified. To this end, we have di-
vided equally the plateau harmonics into three groups, which
we denote as lower, middle, and cutoff groupsssee Fig. 2,
left columnd. Thus, at a given intensity there is the same
number of harmonics in each group, but this number depends
on the intensity of the laser. In addition, we have separated
the contributions of the shorter and the longer quantum paths
in the lower and the middle group. As mentioned above, this
can be done by identifying the sharp peak in the middle of
the harmonic line as the contribution of the shorter path and
the sidebands as due to the longer pathsthe two contributions
cannot be separated in the cutoff regiond. The total energy
due to each of the contributions in the three groups is calcu-
lated and the results are shown in Fig. 4 as a function of the
density of an ionic mediumsad and of a neutral atomic me-
dium sbd, respectively. For the sake of comparison the results
are normalized such that the single-atom resultswithout me-
diumd is set to 1 in each case.

In Fig. 4sad one can clearly see that the contributions due
to the longer quantum path decrease at a lower ionic density
than those due to the shorter quantum path. The difference
between the transition densities is larger for the lower har-
monic group than for the one from the middle of the plateau,
which is consistent with the fact that the difference of the
quasiclassical motion along the two paths is most pro-
nounced for the lower plateau harmonicsf9,16g. We may
note that this difference in the decrease between contribu-
tions from the two quantum paths is a single-atom effect, and
will influence the many-atomsmediumd response too. It

might be expected that the relatively slow decrease in the
single-atom response might be compensated by then2 in-
crease in the many-atom responsesn is the number of at-
omsd. However, this macroscopic effect would affect the har-
monic spectrum at the whole and not the contributions from
the individual quantum paths separately. Furthermore, since
the experimentally observed harmonic signal is limited by
either absorption or phase-matching effects, the number of
particles contributing to the observed coherent signal is usu-
ally nearly independent on the medium density. Thus, the
decrease of the harmonic signal discussed here should be
real.

As discussed above, we may define a characteristic tran-
sition density as the value at which the efficiency of har-
monic generation is decreased twice compared to the single-
atom response. It can be seen from the results in Fig. 4sad
that this density depends slightly on the harmonic group and
ranges between about 1019 cm−3 scontributions of the longer
pathd and 431019–1020 cm−3 scontributions of the shorter
pathd. Interestingly, the transition density is found to be
nearly independent of the laser intensity, as it is exemplified
for the results for the harmonic group in the middle of the
plateau in Fig. 5.

In Fig. 6 we present the transition densities estimated ana-
lytically using Eq. s14d for the low and middle harmonic

FIG. 4. Total emitted energy of different groups of harmonics
generated at 231014 W/cm2 of sad an ionized medium andsbd an
atomic medium as a function of the density. Contributions arising
from the shorter and the longer quantum paths are presented sepa-
rately; groups of harmonics are selected as shown in Fig. 2, lower
row. The energies are normalized to match with each other in the
absence of the medium.
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groupssmore accurately, we present the transition density for
radiation with energyIp+0.5Up and Ip+1.5Up for the low
and middle groups, respectivelyd. The analytically estimated
results for the transition density are, as expected, up to one
order of magnitude higher than numerical ones. The devia-
tion is smaller for the longer pathsabout 431019 cm−3 and
1019 cm−3 for the middle group from the estimation and nu-
merical calculations, respectivelyd than for the shorter one
sabout 831020 cm−3 and 631019 cm−3d. However, the ana-
lytical approach predicts correctly the qualitative behavior of
the transition density, namely, the ratio of the transition den-
sities for different harmonic groups and the weak depen-
dence of these densities on the fundamental intensity. De-
tailed analysis of Eq.s14d shows that the parameter that
characterizes the effect of the ionic medium on the harmonic
generation is rather the time of the free motion of the wave
packet,t swhich is independent of the laser intensityd, and
not the excursion length of the packetswhich depends on the
laser intensityd. The weak dependence of the transition den-
sity on the fundamental intensity for a given timet swhich is
a characteristic value for each harmonic groupd is clearly
illustrated by the results in Fig. 6.

One may argue that in a typical experiment on HHG the
medium is usually partially ionized by the generating pulse

only and near the peak of the pulse the medium consists of
ions as well as atoms. Therefore, we have calculated har-
monic spectra for a neutral atomic background as well. The
results are shown as a function of the density of the atoms in
Fig. 4sbd. The comparison of the results in Fig. 4sad sionized
mediumd and Fig. 4sbd sneutral mediumd shows that the ef-
fect of the neighborhood on the harmonic spectrum is much
stronger in the case of an ionic background than for the neu-
tral medium. The transition density is found to be about an
order of magnitude higher for the neutral medium than for
the ionic background and, moreover, in the former case the
effect of the medium appears to be the same for each har-
monic group as well as for both the contributions of the short
and the long quantum paths. The higher transition density for
the neutrals is due to the short-range character of the atomic
potential s7d in contrast to the long-ranged ionic Coulomb
potential s6d; thus a higher concentration of particles is re-
quired to induce a significant effect on the harmonic phase.

Our results for the decrease of the coherent harmonic re-
sponse toward an incoherent emission, as the density of the
medium is increased, are in agreement with the observations
in a recent experimentf12g on HHG in water microdroplets.
Due to the specific pump-probe method used in that experi-
ment the density of the medium, in which the harmonics
were generated, could be changed and controlled. A transi-
tion from harmonic generation to plasma emission was ob-
served in this experiment, the transition density in the experi-
ment is in a good order-of-magnitude agreement with the
density at which we observe a suppression of harmonic gen-
eration in the calculations. A more detailed comparison
would require primarily the theoretical investigation of HHG
in a medium of water molecules as well as a higher accuracy
of the measurements.

It might be expected, that in a dense medium the har-
monic spectrum is extendedbeyondthe single-atom cutoff
due to the possibility of a recombination of the electron with
a neighboring ion. Such an extension of the spectrum has
been predicted, e.g., for HHG in molecular ionsf18–20g. We
have therefore investigated the harmonic spectrum beyond
the single-atom cutoff at a rather large density of 3
31020 cm−3 and a laser intensity of 231014 W/cm2. At this
medium density the plateau harmonics are strongly sup-
pressed alreadyfcf. Fig. 4sadg. For this study we have re-
duced the pulse duration to 25 fs due to the large number of
Monte Carlo attempts needed to achieve convergence of the

FIG. 7. Comparison of the spectra in the cutoff region at inten-
sity 231014 W/cm2 generated without mediumsdotted lined and in
a fully ionized medium of density 331020 cm−3 ssolid lined.

FIG. 5. Contributions to the total energy of the middle group of
harmonics arising due to the different quantum paths as a function
of the ionic density at different intensities: 231014 ssolid linesd,
1.531014 sdash-dotted linesd, and 1014 sdashed linesd W/cm2. The
energies are normalized to match with each other in the absence of
the medium.

FIG. 6. The transition densities for an ionic background medium
estimated analytically using Eq.s14d for the low and the middle
harmonic groups vs the intensity of the fundamental pulse. The
results for the shorter and the longer quantum paths are presented
separately.
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results under such extreme parameters. From the comparison
between the results in the dense mediumssolid lined and
without mediumsdotted lined, presented in Fig. 7, one sees
that there is no increase of the harmonics beyond the cutoff.
This is consistent with the fact that the coherence of the
contributions due to recombination with a neighboring ion
should be very low for randomly distributed ions in the me-
dium position. Coherent harmonic radiation from a plasma
was predicted theoreticallyf21g, but its intensity for our con-
ditions should be very lowf22g. Our calculations show that
the efficiency of harmonic generation beyond the cutoff is
still lower that that of the plateau harmonics and is, if present
at all, lower than the noise level in our calculations, at least
for the range of parameters used here. We may note that in an
earlier publicationf13g a significant extension of the har-
monic spectra in a partially ionized medium was predicted.
We attribute this difference to the fact that in the earlier
publication a one-dimensional model was used, which
strongly restricts the range of positions of the ions in the
simulations.

Finally, we have studied the dependence of the harmonic
phase on the medium density. It varies for different harmon-
ics and intensities, but remains always weak; namely, the
change of phase is much smaller thanp when the density
varies from zero to the transition regime. Thus one can con-
clude that the dependence of the harmonic phase on the me-
dium density, in contrast to the dependence of the harmonic
intensity on the density, should not lead to any additional
phenomena in comparison with the low-density limit.

C. Applications

High-harmonic generation has a number of important ap-
plications; we therefore discuss the impact of our findings on
harmonic generation in a dense medium for spectroscopic
applications and subfemtosecond pulse generation.

It was predicted theoreticallyf23,24g and shown experi-
mentally f2,3g that a train of attosecond pulses can be ob-
tained using the radiation of a group of harmonics. Usually
two pulse trains are generated due to the harmonic contribu-
tions from the shorter and the longer quantum paths, respec-
tively ssee, e.g.,f25gd. Since we have found that the two
contributions are influenced differently in the transition re-
gime, we expect that the attosecond pulse train can be
changed and partially controlled at certain densities of the
medium. In order to substantiate our expectations we have
calculated the intensity of a harmonic group as a function of
time by

wstd = UE
Vlow

Vhigh

fsVdexps− iVtddVU2

. s15d

The results, calculated usingVlow=26v andVhigh=38v for a
medium density of 1020 cm−3 at fundamental intensity 2
31014 W/cm2, are presented in Fig. 8. In the absence of the
medium one can recognize the two trains of attosecond
pulsessdotted linesd generated due to the contributions from
the two quantum paths. The two trains are partially superim-
posed, resulting in a train of pulses with duration of more
than a femtosecond. As expected, in the presence of the ion-

ized medium with a density close to the transition one of the
trains is strongly suppressed and, indeed, a single attosecond
pulse train generated by the shorter path contributions arises.
Thus, under certain conditions using medium densities
higher than about 331018 cm−3 a shortening of attosecond
pulses seems to be feasible. We may note that is has been
found that phase matching also can favor the contribution of
one of the two quantum paths in the experiments and lead to
a suppression of one of the attosecond pulse trains. Inclusion
of the macroscopic phase-matching effect is however beyond
the scope of the present paper.

In spectroscopy, harmonic lines are often used as a pump
pulse to excite the target to a specific excited state, which is
then probed by ionization with a second pulse. The accuracy
of such measurements is limited by the bandwidth of the
harmonic linessee, e.g.,f26–28gd. As shown abovescf. Fig.
3d, in an ionic medium having a density in the transition
regime the sidebands of the harmonic lines in the plateau
regime are strongly suppressed while the central peak still
remains, which leads to an effective narrowing of the har-
monic line. In order to minimize the Fourier-limited line-

FIG. 9. The line of the 11th harmonic generated at 1014 W/cm2

without mediumsdotted lined and in an ionized mediumssolid lined.
Spectra are matched at the maximum.

FIG. 8. Intensity of the radiation from the 27th to 37th harmon-
ics vs time, generated without mediumsdotted lined and in an ion-
ized mediumssolid lined. Intensity of the fundamental pulse was
231014 W/cm2. The arrows mark parts of the attosecond pulse that
are mainly generated by the shorter and the longer quantum paths,
respectively. The curves are renormalized to match at the
maximum.
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width in spectroscopic applications relatively long funda-
mental pulses and low intensities are used. It is interesting to
note that under such modest intensities the sidebands are
even more pronouncedfcf. Figs. 3sad and 9g and their sup-
pression in the presence of the medium is even more impor-
tant. Note, however, that we did not take into account a
broadening of the harmonic line due to the plasma-induced
blueshift of the fundamental. This broadening can be smaller
or larger than the line narrowing discussed above, depending
on the experimental parameters such as target material and
laser pulse. It would be therefore of much interest to see if
and which kind of change of the linewidth can be observed
in experiment.

IV. CONCLUSIONS

We have investigated high-harmonic generation from an
argon atom in a dense medium. The results are obtained by
solving the Schrödinger equation for an atom in the com-
bined fields of the laser and of the ionicsor atomicd back-
ground medium numerically and calculating the Monte Carlo
average for sets of randomly located ions or atoms. Signifi-

cant changes in the harmonic response from the single-atom
resultswithout mediumd, namely, a narrowing and a suppres-
sion of the harmonic lines, are found in a transition regime
between 1019 and 1020 cm−3. This is interpreted as due to the
random variation of the harmonic phase induced by the ex-
ternal field of the neighboring particles during the time of
free motion of the electron wave packet. In agreement with
this interpretation, the contributions of the shorter quantum
path to the harmonic lines are found to be affected at higher
densities than those of the longer quantum path, and the tran-
sition density is almost independent of the laser intensity.
According to our results the coherent response beyond the
semiclassical cutoff is negligible due to the random distribu-
tion of the particles in the medium. Finally, it has been
shown that at densities in the transition regime a significant
narrowing of the harmonic lines and a shortening of the at-
tosecond pulses in a train can be achieved in the single-atom
response.
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