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High-harmonic generation in a dense medium
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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 Schrédinger 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 (shorter and longemuantum 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.
DOI: 10.1103/PhysRevA.71.053808 PACS nuntber42.65.Ky, 32.80.Wr, 42.50.Hz
[. INTRODUCTION step (or rescatteringmodel [5,6]. According to this model,

) _ ) ) first, the atom gets ionized by tunneling of an electron

High-harmonic generatioiHHG) is one of the funda-  through the potential barrier of the combined Coulomb and
mental nonlinear processes in strong-field physics. Due tgaser fields, then the electron is accelerated in the laser field,
the interaction with an intense short laser pulse a gas odnd finally for linear polarization of the field it may return to
atoms or molecules emits coherent radiation at odd multipleghe parent ion and recombine under the emission of a har-
of the laser frequency. The harmonic spectrum has a univemonic photon. An important feature of the model is that it
sal characteristic shape with a slow decrease for the first feypredicts correctly the universal cutoff of the harmonic spec-
harmonics, followed by a plateau region of harmonics havingrum atl,+3.14J, wherel,, is the ionization potential of the
similar intensity, which ends with a sharp cutoff. Harmonic atom andJ,=E?/4? is the quiver energgin hartree atomic
frequencies can exceed 30Qe.qg.,[1]), wherew is the fun-  units) of a free electron in the laser field of an amplitugle
damental laser frequency. Therefore, HHG provides an effiA quantum-dynamical description of HH{,8] has con-
cient source of ultrashort coherent radiation in the vacuuniirmed the interpretation provided by the semiclassical three-
ultraviolet and soft x-ray spectral range. Applications of suchStep model. Moreover, the quantum model revealed the role
light sources are time-resolved x-ray spectroscopy and m@f two different quantum paths of the electron wave packet
croscopy as well as nanoscale lithography and holographyP! the generation of the harmonics in the plateau region. The
Further, subfemtosecond pulse trains can be obtained by ‘&° pathsfdlrl:fer in the t|rrk1e |_nterr1val between thel'moment of
superposition of several harmonics from the plateau regiorﬁzeat'on of the wave packet in the continu(tnneling and

: e time instant of recombination. They are usually referred
(a?é%lf[r%’r?)hgrmsmg]rﬁfs ?%eemégffgzﬂ 4;]))ullses can be 9€NeT, as short and long quantum pattts shorter and longer

i . lectron trajectories in the semiclassical three-step moldel
The current understanding of HHG has been eStabl'Sheﬁwe plateau region of the spectrum the contributions of the

from theoretical research assuming the interaction of a Iaset

; . vo paths can be distinguished: the central peak of a har-
pulse with gases at low pressures. In this case the process Cgp,ic is generated by the contribution of the short quantum
be described as a purely single-atdor single-moleculg

: X ath while the sidebands appear due to the long quantum
phenomenon, neglecting the effects of the other ions or atgath[8—10]. On the other hand, in the cutoff region the two
oms in the neighborhood. The surrounding medium is con '

. . = 'contributions usually strongly interfere and cannot be sepa-
sidered for the phase-matching effects and the propagation of 4 y gy P

the harmonics only. For the isolated atom the main charac-

L _ . . Thus, the HHG process is essentially determined by the
teristics of HHG can be explained by the semiclassical threeé P y y

volution 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
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harmonic spectrum is not well studied up to now, although it gyr,t) p?

is interesting in many respects. First, the efficiency of HHG 1= — =5 * ZH(1) + Vparent!) + Vinediunl) |1, 1),

depends on the number of generating particles, and thus in

particular on the medium density. Therefore, a high medium (1)

density is_ d_esirable, but naturally the unique_ characteristic§,hereF is the instantaneous value of the laser field:

of the radiation should not be affected by the influence of the

ionic (atomig neighborhood. It is therefore essential to get F=E(t)coqwt), 2

knowledge about a maximum tolerable medium density t ith

achieve highest efficiencies; some estimations of this density

were done iM11]. Next, emission of radiation from an ex- [t

tended dense medium, namely, an expanding water micro- E(t) =Eg sm(E_). 3

droplet, has been studied in an experiment recdrtf}. A

transition from pure incoherent plasma emission to cohereng is the laser frequencyl is the laser pulse duratiofiull

HHG was observed, when the particle density in the microWwidth at half maximum of the intensityandz is the projec-

droplet decreased. These observations indicated the existerié@n of r on the polarization direction of the laser fielqent

of an optimum medium density for HHG. Finally, in a recent @nd Vieqium are the potentials of the parent ion and of the

numerical study using a one-dimensional modd] it has ~ medium, which are given in cylindrical coordinatesp), as

been found that in a partially ionized medium harmonic en-the origin of the coordinate system coincides with the parent

ergies well beyond the single-atom cutoff can be generatedon)

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 cerand

tainly of much interest in view of its applications.

In this paper we study theoretically HHG in a gas or aVmedun") = Vimediun(Z p)

plasma of relatively high pressure, namely, under conditions M 1 (2"

1 f do
0

Vparen(r) = Vparen£2= p) = Vion( V2 + P2) (4)

when the harmonic generation due to the rescattering mecha- =>
nism is affected by neighboring ion®r atoms. The har- j=1 2T
monic response is found by solving numerically the three- f 2, 2, 2
dimensional Schrédinger equation for a single-electron atom X Vion aton{ V(2= 2)"+ p°+ pj = 2pp; C03$) (5)

in the combined fields of the laser and of the neighboringwvhere{z,p;} is a set of positions of the ions or atoms in the
ions or atoms, and the results are averaged over differemhedium, andM is the number of particles wittv=nv,
random positions of the ions or atoms using the Monte Carlavheren is the medium density and is the volume of the
method. We concentrate here on the effects of the ionignedium. In the simulations this volume is chosen to be much
(atomig medium on the atomic response and do not considefarger than the computational box. It has been tested that the
other macroscopic effects, such as phase matching, etc. Harelume is large enough that particles outside of it have no
monic spectra are calculated for different medium densitiegffect on the HHG. Note that such an “axially symmetric”
and are compared with those generated by the single atomedium potential, Eq(5), certainly does not reproduce cor-
(without medium. As will be seen below, there istaansi-  rectly the effect of the medium on the electron motion in the
tion medium density above which the coherent harmonic reradial direction; however, as will be discussed below, this
sponse differs in the shape of its envelope and shows a deffect is negligible in comparison with the effect on the lon-
crease in intensity compared to the low-density single-atongitudinal motion, which is reproduced adequately in B).
predictions. The numerical results for the transition density As gas medium we have considered an ensemble of argon
will be compared with simple analytical estimations and theatoms or ions. For the ionic and atomic potentials in E4s.
observations in a recent experiment. An investigation of itsand (5) we have, therefore, used approximate potentials of
dependence on the fundamental intensity and the harmontbe form
order as well as on the different quantum paths will allow us

to obtain further insight into the physics of HHG in a dense Vi () = - M, 6)
medium. Finally, we will discuss the impact of our findings Va2 +r?
on applications of high harmonics in spectroscopy and at- . _ _
tosecond pulse train generation. with A=5.4 anda=2.125, and
Il. NUMERICAL MODEL -Bexd- (r/by) - (r/by)?], r=<17,
VatondF) = D (7

The harmonic response of an atom in a medium, induced - m r>17,
by a short intense laser pulse, is obtained numerically by
solving the three-dimensional time-dependent Schrédingewith B=3.012,b;=1.11, b,=2.09, D=5.357, andd=1.05.
equation for a single-electron atom in the superposition ofThe ionic potential Eq(6) has similar properties to the one
the external fields of the medium and a linearly polarizedsuggested ifi14]. The ground-state eigenenergy of an elec-
laser (hartree atomic units are used throughoetm.,=#%  tron bound in this potential reproduces correctly the ioniza-
=1): tion energy of Ar and the binding energies of the two lowest
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on the medium density, for instancd=20 for the density

2) no medium 10'8 cmi® and N=320 for the density 13 cm3. The har-
‘ monic spectrum is then given by the coherent response
|f(Q)|? of this Monte Carlo simulation.
b 10%em® lll. RESULTS AND DISCUSSION
A. Estimation of the transition density

Before proceeding with the results of the numerical cal-

c) a10Pem’ culations, we estimate analytically the density of a fully ion-
X cm

ized medium, which is sufficient to affect the high-harmonic
spectrum significantly. To this end, we consider the phase of
a harmonic with frequenc{), generated due to the propaga-
tion of a wave packet in the continuum, which is given by
([16]; see alsd17] and references thergin

V [at, units]
)

t

1 r
@(E,Eex) = = Ef pz('[)d'[— |p7+ O, (10)

G

10
% 0 'L\a"““.m\
wheret; andt, are the time instants of ionization and recom-

FIG. 1. Samples of the potenti¥yaenfz, p) + Vinediunfz,p) for ~ bination, respectively, andis the mechanical momentum of
certain random realizations of the ion positions, generated for théhe electron in the combined fields of the lasgr,and an
ionic medium density equal to zer@), 107°cm™ (b), and 3  ionic backgroundmediun), Eg,,
X 102% cm3 ().

E . :

excited states are close to the corresponding energies in the p(t) = ;(5'” ot = sinwt) = (t =) Eey. (11)
argon atom. The atomic potential E) coincides with the

ionic potential in the vicinity of the origin and reproduces I, is the atomic ionization potential angkt,~t; is the time

[15] the attracf[ion' of the electron to the argon atom for Iargeof free motion of the electron. Note that we have considered
r due to polarization of the atom.

| d lcul he h . i th di in Eq. (11) the component of the external field due to the ion

nhor erto ga ‘r:]u a'tfl’t € grn?onlc rehspzjon:e int ?med'“n&ttraction along the polarization of the laser field only. We
we have used the Monte Carlo method. A set of ran OMhay further stress that(t) as well ag; andt, depend on the
positions{z;, p;} of ions (or atoms is generated for a given

di densitvik is th b £ the M Carl strengths of both fields.
medium density( IS the number o the Monte arlo at- Random distribution of the positions of the ions leads to a
temp) and the medium potentidb) is calculated. In Fig. 1

) random variation of the phase, which will be as larger as
we present' SamP'?S_ of the. 'potentlan'aren(z,p) stronger is the external fiel,,, and, hence, as larger is the
*Vimediun{Z, p) In the vicinity of the origin for certain random  yengity of the medium. Therefore, an increase of the density
sets of positions of the ions. The initial wave function of the medium will result in a transition from a coherent
y{z,p,t=0) is chosen to represent an electron in the loweshaymonic response to an incoherent plasma emission. We
bound state of the potentie). Then, the Schrédinger equa- may define a transition density by the concentration of ions,
tion (1) is solved and the second derivative of the atomicat which the coherent harmonic response is reduced approxi-
dipole momentwhich is proportional to the force acting on mately by a factor of 2, compared to the case of single-atom

the electronis obtained as response without ionic backgroufiBl,,=0). This is satisfied
if
p i
fil() =F() - <¢(Z,P1t)|a_z[vparen(zyp)
|(P(E:Eext) = @(E,Eext= 0)| =ml4. (12
+ Vmediuﬂ{zipa{zjvpj}k)]|¢(z7p1t)>1 (8)

Approximating the attractive field of the ionic background

which is expanded in a Fourier serig$()). To simulate the :
y a homogeneous field

response of many atoms in the medium these steps are r

peated until the Monte Carlo average
Eexi= 1/IR2, (13

f(Q)=

Zlr

N
k% fil€2) ©  whereR=n"12is the interparticle distance amdis the den-

sity of the medium, we obtain from Eq@l2), after lengthy
converges. The required number of rubs,in our calcula-  but otherwise elementary mathematics, the transition density
tions ranged from several tens to several hundreds dependimg as
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FIG. 2. Harmonic spectra gen-
erated from an Ar atom at intensi-
ties 1.5< 10" (upper row and 2
X 10 (lower row) W/cm? with-
out medium(left column and in a
fully ionized medium of density
107 cm3 (right column) are com-
pared. Groups of harmonics used
in the further analysis below are
marked.

with those obtained without mediufpanels on the left-hand

side 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-

. 2p(t,) + Ex{(coswt; + COSwtr))
2w

-312
] (14)

serve that in the presence of the medium the envelope of the

spectrum is strongly modified. The intensities of the har-
where the instant andt, are those in the absence of the monic lines are reduced, which is due to the increase of

ionic background field. Estimations calculated using @4)
will be presented and discussed along with the results of the
numerical calculations in the next subsection.

Equation(14) can be considered as apper limitfor the
transition density, since we have approximated the ionic
background field as homogeneous. This ansatz is valid, if the
mean distance between the iof, is much larger than the
excursion length of the electronic wave packBi,cursion
Thus, the effect of the neighboring ion on the motion of the
wave packet is underestimated by Et3) 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 E4)
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(8) and(9). We have consid-
ered the interaction with a pulse having a typical wavelength
of a Ti:sapphire laseih =800 nm, and the duration was 50 fs
in most of the calculations; otherwise it is stated explicitly.

incoherence in the harmonic response caused by the varia-

— ionic density 1020 ¢m3
== 0 medium
1.04
-1
& 054
2
g
g
0.0h—ases Stoaazerrd Vvecoont e
10.0 10.5 11.0 11.5 12.0
(a) harmonic order
—— ionic density 1020 ¢m3
~««- N0 medium
1.04 "
i
£ ;
8 05 :
oy i
& H
8 H
g 4
0.0 2 . ,
24.0 24.5 25.0 255 26.0
(b) harmonic order

FIG. 3. Lines of the 11tlta) and the 25thb) harmonics without

In Fig. 2 we show a comparison of the harmonic spectramedium(dotted lingé and in an ionized mediurtsolid line). Same
generated in the presence of an ionized background mediuparameters as in Fig. 2, upper row. The spectra are renormalized to
having a density of 133 cm™2 (panels on the right-hand side match at the maximum.
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tion in the harmonic phase. Further, it is seen from the com- —O— shorter path, low group
parison that the harmonic lines appear to be much sharper in O shorter peth, middle group
the presence of the ionic medium than for the single-atom : i longer path, iddle group
response. —e— longer path, low group
The latter feature can be analyzed in more detail from the

results for the 11tfFig. 3@] and the 25tHFig. 3(b)] har-
monics, generated at an intensity of X.50'* W/cn?. The

line from the lower part of the plateau consists in the absence
of the ionic backgrounddotted ling of a sharp central peak

5

A
4
|

normalized energy [arb. units]
=) =)
T .
/ +
®

=
)
1

+

+
and two sidebands. These sidebands disappear in the pres- g o2 \ e
ence of the ionic mediurtsolid line). As has been explained I~ \
at the outset, the sidebands arise due to the contribution of 0.0 r r — > ,
the longer quantum path of the electron wave packet in the 10° 10° 10 10
continuum, while the central peak can be related to the @ ionic density fcm™3]

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 regifdfig.

3(b)] we see a double-line structure in the absence of the
medium (dotted ling and again a sharp single line in the
presence of the ionic backgrourigiolid line). The double-

—&— shorter path, low group

0.64 —O— shorter path, middle group

—+— cut-off group

—&— longer path, middle group 2

normalized energy [arb. units]

line structure appears due to the strong interference of the 04 —4— longer path, low group
contributions of both the quantum paths. Its change into a 02

single line in the presence of the medium is consistent with

our interpretation that the long quantum path will be affected 00 — — — -21
more strongly by the ionic background than the shorter one. , 10 10 130 10
For the present parameters the contribution of the short path atomic density [em™]

to the high-harmonic spectrum appears to be effective alone.

Next, we have stl_Jdit_ad the harmonic spectra as a f””CtiOBenerated at % 101 W/cn? of (3 an ionized medium antb) an
of the medium density in order to see whether or not a raNzomic medium as a function of the density. Contributions arising

sition from- CPhere”t ha.rmon.i(_: generat.ion to inCOherer'?from the shorter and the longer quantum paths are presented sepa-
plasma emission can be identified. To this end, we have dirately; groups of harmonics are selected as shown in Fig. 2, lower

vided equally the plateau harmonics into three groups, whiclow, The energies are normalized to match with each other in the
we denote as lower, middle, and cutoff grougse Fig. 2, apsence of the medium.
left column. Thus, at a given intensity there is the same
number of harmonics in each group, but this number dependsight be expected that the relatively slow decrease in the
on the intensity of the laser. In addition, we have separatedingle-atom response might be compensated bynthi-
the contributions of the shorter and the longer quantum pathsrease in the many-atom resporseis the number of at-
in the lower and the middle group. As mentioned above, thisms. However, this macroscopic effect would affect the har-
can be done by identifying the sharp peak in the middle oimonic spectrum at the whole and not the contributions from
the harmonic line as the contribution of the shorter path andhe individual quantum paths separately. Furthermore, since
the sidebands as due to the longer f#tle two contributions the experimentally observed harmonic signal is limited by
cannot be separated in the cutoff regiomhe total energy either absorption or phase-matching effects, the number of
due to each of the contributions in the three groups is calcuparticles contributing to the observed coherent signal is usu-
lated and the results are shown in Fig. 4 as a function of thally nearly independent on the medium density. Thus, the
density of an ionic mediunga) and of a neutral atomic me- decrease of the harmonic signal discussed here should be
dium (b), respectively. For the sake of comparison the resultseal.
are normalized such that the single-atom re&uithout me- As discussed above, we may define a characteristic tran-
dium) is set to 1 in each case. sition density as the value at which the efficiency of har-
In Fig. 4(a) one can clearly see that the contributions duemonic generation is decreased twice compared to the single-
to the longer quantum path decrease at a lower ionic densitgtom response. It can be seen from the results in . 4
than those due to the shorter quantum path. The differenagat this density depends slightly on the harmonic group and
between the transition densities is larger for the lower harranges between about ®@&m (contributions of the longer
monic group than for the one from the middle of the plateaupath and 4x 10'°~10°° cm™ (contributions of the shorter
which is consistent with the fact that the difference of thepath. Interestingly, the transition density is found to be
quasiclassical motion along the two paths is most pronearly independent of the laser intensity, as it is exemplified
nounced for the lower plateau harmoni@&16]. We may for the results for the harmonic group in the middle of the
note that this difference in the decrease between contribylateau in Fig. 5.
tions from the two quantum paths is a single-atom effect, and In Fig. 6 we present the transition densities estimated ana-
will influence the many-atom(medium) response too. It lytically using Eq.(14) for the low and middle harmonic

FIG. 4. Total emitted energy of different groups of harmonics
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—0o— shorter path, middle group ) — ionic density 3x102% cm™3
—n— longer path, middle group 107y; --== no medium

N

Ky . l\‘ 1

u--- L 7 T T T v

i By 29 33 37 41 45 49 53
10® 10® 10" harmonic order

ionic density [cm‘3]

;
|

4
2

e
=)

=3
'
1

intensity [arb. units]

=3
N
M

normalized energy [arb. units]

o
=]

1(')18
FIG. 7. Comparison of the spectra in the cutoff region at inten-

FIG. 5. Contributions to the total energy of the middle group of 'Y 2X110.l4 W/cmz.generated without n;edujgmottgd ling and in

harmonics arising due to the different quantum paths as a functioft fully ionized medium of density 8 107% cm® (solid line).

of the ionic density at different intensities:x210 (solid lines,

1.5%x 10" (dash-dotted lindsand 13* (dashed linesW/cm?. The

energies are normalized to match with each other in the absence

the medium.

only and near the peak of the pulse the medium consists of
igns as well as atoms. Therefore, we have calculated har-

onic spectra for a neutral atomic background as well. The
results are shown as a function of the density of the atoms in

groups(more accurately, we present the transition density fof 19- 4b). The comparison of the results in Figa¥ (ionized
radiation with energyl,+0.5J, and I ,+1.8U, for the low mediunm and Fig. 4b) (neutral medium shows that the ef-

and middle groups, respective§The analytically estimated fect of the neighborhood on the harmonic spectrum is much

results for the transition density are, as expected, up to ongronger in the case of an ionic background than for the neu-

order of magnitude higher than numerical ones. The deviatral medium. The transition density is found to be about an

tion is smaller for the longer patfabout 4x 10° cni™3 and order of magnitude higher for the neutral medium than for
10 cn @ for the middle group from the estimation and nu- the ionic background and, moreover, in the former case the

merical calculations, respectivelyhan for the shorter one effec_t of the medium appears to be the_ same for each har-
(about 8% 10%° cni™® and 6x 10° cni-3). However, the ana- monic group as well as for both the contributions of the short

lytical approach predicts correctly the qualitative behavior ofand the long quantum paths. The higher transition density for

the transition density, namely, the ratio of the transition deniN€ Neutrals is due to the short-range character of the atomic

sities for different harmonic groups and the weak depenpOtent?al (7) in contrast to the Iong-ra_nged ionic_ Cou!omb
dence of these densities on the fundamental intensity. Dep_ojtennal (5); thus a _hlg_h_er concentration of part|cI(_=.s IS T€-
tailed analysis of Eq(14) shows that the parameter that quired to induce a significant effect on the harmonic ph_ase.
characterizes the effect of the ionic medium on the harmonic Our resullts for the decrease of the coherent harmonic re-

generation is rather the time of the free motion of the wayePonse tpward an mcoher'ent emission, as the density Of. the
packet, ~ (which is independent of the laser intengjtand medium is increased, are in agreement with the observations

not the excursion length of the packethich depends on the in a recent expe_ri_merﬁtlz] on HHG in water mic_rodroplets. .
laser intensity. The weak dependence of the transition den-Duett?hthedSpe?t'f'C ?L:rrrp-prodpe me_thodhgsr:e?r]ln tr?at experi-
sity on the fundamental intensity for a given timéwhich is ment the density of the medium, In whic € harmonics
a characteristic value for each harmonic grpip clearly were generated, pould be qhanged and controll_ed. A transi-
illustrated by the results in Fig. 6 tion from harmonic generation to plasma emission was ob-

One may argue that in a typical experiment on HHG theserved in this experiment, the transition density in the experi-

medium is usually partially ionized by the generating pulsement is in a good order-of-magnitude agreement with the

density at which we observe a suppression of harmonic gen-

& o OomOman0=0-0-0-0m00 eration in the calculations. A more detailed comparison

k:l 107 §200000500-0-0-0-0-0-0-0-0-0000 o would require primarily the theoretical investigation of HHG

z —o- shorter path, lowf:mup in a medium of water molecules as well as a higher accuracy

5 —=—shorter path, middle group of the r_neasurements. _ _

£ 10, :::xgzpzzﬁ,:glsdlreoﬁroup It_m|ght be ex_pected, that in a den;e medium the har-

T g _“_H_._'_i patll, low group monic spectrum is extendeaeyondthe single-atom cutoff

g 3y due to the possibility of a recombination of the electron with

E . a neighbo_ring ion. Such an e_xtension of 'ghe spectrum has

0 0 15 20 25 39 been predicted, e.g., for HHG in molecular iqis—20. We

fundamental intensity [1014 W/em2] have therefore investigated the harmonic spectrum beyond

the single-atom cutoff at a rather large density of 3
FIG. 6. The transition densities for an ionic background medium> 107° cm™ and a laser intensity of 2 10" W/cn?. At this
estimated analytically using Eq14) for the low and the middle medium density the plateau harmonics are strongly sup-
harmonic groups vs the intensity of the fundamental pulse. Theressed alreadicf. Fig. 4@]. For this study we have re-
results for the shorter and the longer quantum paths are presenteldiced the pulse duration to 25 fs due to the large number of
separately. Monte Carlo attempts needed to achieve convergence of the
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results under such extreme parameters. From the comparison shorter longer — ionic density 1020 cm™3
between the results in the dense medi(solid line) and 1 ﬂ =--- no medium
without medium(dotted ling, presented in Fig. 7, one sees 1.0 ;

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 theoretical21], but its intensity for our con-
ditions should be very loW22]. Our calculations show that
the efficiency of harmonic generation beyond the cutoff is . S s
still lower that that of the plateau harmonics and is, if present 003 T T
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 publication[13] a significant extension of the har-  FIG. 8. Intensity of the radiation from the 27th to 37th harmon-
monic spectra in a partially ionized medium was predictedics vs time, generated without mediuuotted ling and in an ion-
We attribute this difference to the fact that in the earlierized medium(solid line). Intensity of the fundamental pulse was
publication a one-dimensional model was used, which2x 10" W/cn?. The arrows mark parts of the attosecond pulse that
strongly restricts the range of positions of the ions in theare mainly generated by the shorter and the longer quantum paths,
simulations. respectively. The curves are renormalized to match at the
Finally, we have studied the dependence of the harmonigaximum.

phase on the medium density. It varies for different harmon-

ics and intensities, but remains always weak: namely, th&zed medium with a density close to the transition one of the
change of phase is much smaller thanwhen the density trains is strongly suppressed and, indeed, a single attosecond

varies from zero to the transition regime. Thus one can conPulse train generated by the shorter path contributions arises.

clude that the dependence of the harmonic phase on the mghus, under certain Oclzgndifigons using medium densities
dium density, in contrast to the dependence of the harmoni@igher than about 310" cm™ a shortening of attosecond

intensity on the density, should not lead to any additionaPSes seems to be feasible. We may note that is has been
phenomena in comparison with the low-density limit. 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
High-harmonic generation has a number of important apthe scope of the present paper.

plications; we therefore discuss the impact of our findings on In spectroscopy, harmonic lines are often used as a pump

harmonic generation in a dense medium for spectroscopigulse to excite the target to a specific excited state, which is

applications and subfemtosecond pulse generation. then probed by ionization with a second pulse. The accuracy
It was predicted theoreticallj23,24 and shown experi- of such measurements is limited by the bandwidth of the

mentally [2,3] that a train of attosecond pulses can be ob-harmonic line(see, e.g.[26—28). As shown abovécf. Fig.

tained using the radiation of a group of harmonics. Usually3), in an ionic medium having a density in the transition

two pulse trains are generated due to the harmonic contribiegime the sidebands of the harmonic lines in the plateau

tions from the shorter and the longer quantum paths, respegegime are strongly suppressed while the central peak still

tively (see, e.g.[25]). Since we have found that the two remains, which leads to an effective narrowing of the har-

contributions are influenced differently in the transition re-monic line. In order to minimize the Fourier-limited line-

gime, we expect that the attosecond pulse train can be

changed and partially controlled at certain densities of the — ionic density 1020 cm™3

medium. In order to substantiate our expectations we have L0- === no medium

calculated the intensity of a harmonic group as a function of ’ H

time by

0.54

intensity [arb. units]

time [fs]

C. Applications

Qnigh_____ 2
w(t) = ‘J f(Q)exp—iQt)dQ | . (15) 0.5-

Qiow

intensity [arb. units]

The results, calculated usitg,,,=26w andy,g,=38w for a
medium density of 1% cm™ at fundamental intensity 2 \

4 . . - .~ 2 AT
X 10_1 W/cn?, are presented in Fig. 8. In the absence of the T e T IR
medium one can recognize the two trains of attosecond harmon

. . . onic order

pulses(dotted lineg generated due to the contributions from
the two quantum paths. The two trains are partially superim- FIG. 9. The line of the 11th harmonic generated a*M/cn?
posed, resulting in a train of pulses with duration of morewithout medium(dotted ling and in an ionized mediurgsolid line).

than a femtosecond. As expected, in the presence of the io$pectra are matched at the maximum.
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width in spectroscopic applications relatively long funda-cant changes in the harmonic response from the single-atom
mental pulses and low intensities are used. It is interesting teesult(without medium, namely, a narrowing and a suppres-
note that under such modest intensities the sidebands as#oon of the harmonic lines, are found in a transition regime
even more pronounceaf. Figs. 3a) and 9 and their sup- between 1& and 16° cmi 3. This is interpreted as due to the
pression in the presence of the medium is even more imporandom variation of the harmonic phase induced by the ex-
tant. Note, however, that we did not take into account aernal field of the neighboring particles during the time of
broadening of the harmonic line due to the plasma-inducedree motion of the electron wave packet. In agreement with
blueshift of the fundamental. This broadening can be smallethis interpretation, the contributions of the shorter quantum
or larger than the line narrowing discussed above, dependingath to the harmonic lines are found to be affected at higher
on the experimental parameters such as target material amnsities than those of the longer quantum path, and the tran-
laser pulse. It would be therefore of much interest to see ikition density is almost independent of the laser intensity.
and which kind of change of the linewidth can be observedAccording to our results the coherent response beyond the
in experiment. 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
IV. CONCLUSIONS narrowing of the harmonic lines and a shortening of the at-

We have investigated high-harmonic generation from ar;osecond pulses in a train can be achieved in the single-atom

argon atom in a dense medium. The results are obtained Hﬁsponse.
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