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High-harmonic generation is shown to be capable of providing time-resolved information about the

particle density of a complex system. As an example, we study numerically high-harmonic generation

from expanding xenon clusters in a pump-probe laser scheme, where the pump laser pulse induces the

cluster explosion and the probe pulse generates harmonics in the expanding cluster. We show that

the high-harmonic spectra characterize the properties of the expanding cluster. Hence, measuring the

dependence of the harmonic signal on the pump-probe delay suggests itself as an experimental tool to

monitor many-particle dynamics with unique temporal resolution; based on optical measurements, this

technique is naturally free from any spatial charge effects.
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High-harmonic generation (HHG) is based on a simple
yet nontrivial mechanism, today also known as the three-
step model [1,2]. It describes HHG as result of tunneling
ionization of the generating atom or ion by the laser
field, free electronic motion in this field, and recombi-
nation accompanied by the XUV emission upon the
return to the parent ion. Now HHG has evolved to a
versatile tool which even paved the way to the genera-
tion of attosecond pulses [3,4]. HHG also opens a per-
spective on imaging microscopic distances such as the
bond length of molecules [5,6] or, under certain circum-
stances, molecular electronic orbitals [7,8]. While these
are detailed properties of small systems, here we are
interested in obtaining microscopic yet robust informa-
tion on properties of complex systems which change on
a femtosecond time scale, e.g., the mean particle density
in a complex system.

A prototypical example is a rare-gas cluster which con-
tains many atoms that eventually become charged during
irradiation with a strong laser pulse [9]. As a consequence,
the cluster undergoes Coulomb explosion which lowers its
density on a femtosecond time scale. HHG emitted from
clusters has been studied extensively [10–14], but not with
the intention to monitor time-dependent properties of the
cluster. A scenario [15], which comes close to the one we
propose here, is the irradiation of xenon clusters with two
high-intensity femtosecond laser pulses, one at the laser
fundamental frequency and one at its second harmonic. In
this experiment the ion energies from the exploding xenon
clusters were measured. Note that electronic or ionic spec-
tra used to characterize cluster expansion can be affected
by the macroscopic quasistatic electric field appearing in a
cluster jet irradiated by an intense laser field. Therefore we
suggest an optical measurement that is free from this draw-
back. Moreover, the harmonics characterize the medium at

the instant of the irradiation by the probe pulse and thus are
not affected by its further dynamics.
We consider a pump-probe scenario, such that a first

pulse at 780 nm ionizes almost all atoms in the cluster to
the first or even higher charge state. This pulse, therefore,
initiates the time-dependent evolution of the cluster, while
the second one at 390 nm ‘‘stops’’ the clock emitting the
high harmonics. It is chosen sufficiently weak (regarding
duration and intensity) to keep photoionization to even
higher charge states and cluster expansion during the probe
pulse negligible. The harmonics in the region of the HH
plateau (with frequencies !n larger than the ionization
potential of an ion in the system) correspond to long
(dozens of Bohr radii) electronic excursion orbits before
the recombination with the ion. As we will demonstrate
below, they naturally scan the environment of the ions in
the cluster, which allows one to image the averaged parti-
cle density and the static field of the cluster. With a variable
delay ! between the two pulses, time-resolved information
about the particle density of the exploding cluster is
monitored.
To be specific we will consider Xe135 in icosahedral

ground state geometry [16]. This symmetry is not impor-
tant; Xe134 with a completely different ground state
geometry produces a very similar HHG response. We use
a quasiclassical approach [17,18] for the time-dependent
cluster evolution which includes ionization and cluster
expansion induced by the pump pulse. From this calcula-
tion ionic charge states, ionic positions, and the spatial
distribution of ionized electrons are known at each instant
of time. For the present parameters of the pump pulse,
almost all cluster atoms are ionized with charges ranging
from 1 to 3. The high-harmonic spectrum of the expanding
cluster, generated by the second laser pulse, is determined
by numerically solving the time-dependent Schrödinger
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equation (TDSE) for a single active electron bound to an
ion [19] and exposed to an additional external field given
by the probe pulse and the Coulomb field generated by all
the ions and the electron density inside the cluster. We note
that the effect of the electrons decreases with increase of
the pump-probe time delay and is, in general, negligible.
Binding of an electron to an ion of charge Zþ 1

is described by a ‘‘soft Coulomb’’ potential VZðrÞ ¼
%ðZþ 1Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2Z þ r2

q
, where aZ is chosen to give the cor-

rect ionization potential for the xenon ion with charge
state Z. Since the external field varies with the position
of the respective ion inside the cluster, the TDSE is solved
and the time-dependent dipole is evaluated for each of the
135 ions of the cluster. The spectrum of radiation emitted
by the cluster is calculated by coherently summing the
individual ionic contributions from all ions [20]. Finally,
the results from different initial cluster orientations are
averaged.

The present single active electron approach is applicable
for a dilute medium, i.e., for large mean distance a from a
particle to its nearest neighbor. Many-electron effects have
been shown to be negligible for a linear chain of atoms if
a & 5 !A [21], which is the case in our situation.

The spectral intensities S!ð!Þ emitted from an exploding
Xe135 cluster for two expansion times ! are presented in
Fig. 1, where ! is defined as the delay between the maxima
of the two pulses. The spectrum does not exhibit the usual
plateau structure known, e.g., for harmonics generated
from atoms at midinfrared fields [22], due to the short
wavelength of the probe pulse and the overlapping
contributions from ions of the first three charge states
with different cutoffs, nZ!0 ¼ EZ þ 3:17Up at n1 ¼ 9,
n2 ¼ 13, and n3 ¼ 15 [1,2]. Here, EZ is the ionization
energy of the ion of charge state Z and Up ¼ F2=ð4!2

0Þ
is the ponderomotive energy in the laser field of frequency
!0 and peak strength F. The two spectra in Fig. 1, taken at

intermediate [300 fs, blue solid line in 1(a)] and long [5 ps,
red solid line in 1(b)] expansion times, differ significantly.
The intensities of the low and intermediate harmonics
are weaker at ! ¼ 300 fs than at the end of the expansion
! ¼ 5 ps; for the higher harmonics (n & 15) it is just the
opposite.
The harmonic emission is determined, on one hand, by

the number and the charge state of the ions contributing to
the signal and, on the other hand, by the ion density. For the
analysis we have calculated the total yield of the nth
harmonic as an integral of the spectral intensity:

Inð!Þ ¼
Z n!0þ"!

n!0%"!
d!S!ð!Þ: (1)

For the integration range we have chosen "! ¼ 0:3!0.
The high harmonics are sensitive to the ionic density

since their generation involves free electronic wave packet
oscillation over dozens of Bohr radii. The Coulomb field of
the surrounding ions causes a dephasing of the wave packet
and results in a loss of coherence of the many-particle
harmonic response. The dephasing disappears as the me-
dium density decreases below a critical value [20], which
we call threshold density #n for harmonic n. They are
defined as ionic densities at which the signal of the har-
monic is only 50% of its low-density limit. The transition
can be seen in Fig. 2(a), in which we present the normal-
ized signals

Jnð!Þ ¼ Inð!Þ=I1n ; (2)

of the 7th, 9th, and 11th harmonic. I1n is the coherent sum
of spectra from isolated ions. This sum corresponds to the
signal emitted by the cluster at the final stage of its expan-
sion when the interionic distances are so large that the
HHG of each ion is not affected by the fields of the
surrounding ions. The normalized signals found with
Eq. (2) show a rapid increase as a function of the pump-
probe delay, followed by their saturation at long expansion

3 5 7 9 11 13 15 17 19 21
harmonic order ω / ω0

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

ha
rm

on
ic

 s
ig

na
l

S τ
[a

rb
.u

ni
ts

]

(a) τ = 300fs

2.5 3 3.5
0

2000

4000

S τ
[a

.u
.])c( )c( )c( )c(

8.5 9 9.5
0

100

200

S τ
[a

.u
.])d( )d( )d( )d(

14.5 15 15.5
ω / ω0

0.0

0.4

0.8

S τ
[a

.u
.])e( )e( )e( )e(

3 5 7 9 11 13 15 17 19 21
harmonic order ω / ω0

(b) τ =  5ps

FIG. 1 (color online). Harmonic spectra generated by the probe pulse in an expanding Xe135 cluster and scaled in units of the probe
frequency !0. The pump-probe delays (i.e., the expansion times) are ! ¼ 300 fs (a) (blue line) and 5 ps (b) (red line). For comparison
we show the peak positions for the 5 ps probe as circles in (a) and, similarly, the one for 300 fs probe in (b). The expansion is pumped
with a 780 nm, 25 fs-long laser pulse with a peak intensity of 1:3' 1014 W=cm2. The wavelength of the probe pulse is 390 nm, its
duration is 10 fs, and the intensity is 1:5' 1014 W=cm2. The three insets show individual lines for the harmonic orders n ¼ 3 (c),
n ¼ 9 (d), and n ¼ 15 (e) on a linear scale.
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times, in agreement with our interpretation above.
The threshold densities of #7 ¼ 1:5' 1020 cm%3, #9 ¼
5' 1019 cm%3, and #11¼3'1019 cm%3, obtained using a
technique developed previously [20], agree very well with
the averaged ionic densities #ð!7Þ¼1:3'1020 cm%3,
#ð!9Þ ¼ 3:5' 1019 cm%3, and #ð!11Þ¼2:6'1019 cm%3

calculated at the corresponding transition times !n marked
in Fig. 2. Thus, an experimental observation of the har-
monic signal as a function of the pump-probe delay allows
one to reconstruct the time evolution of the density in the
exploding cluster as following: delays !n corresponding to
the 50% level of the harmonic signal are found for different
harmonics, and the densities for these delays are approxi-
mated by the threshold densities #n.

Next, in Fig. 3(a) we present the normalized signal of
one of the highest harmonics, namely, the 15th harmonic,
as a function of the cluster expansion time. It exhibits a
clear maximum around ! ¼ 280 fs. Studying separately
the contributions from the different ionic states we find
that the 15th harmonic is generated mainly by Xe2þ

(dashed blue line) and Xe3þ ions (dot-dashed red line),
both exhibiting a maximum too.

The characteristic maximum in the harmonic signal can
be attributed to the (radial) quasistatic electric field inside a

charged cluster, which decreases steadily as the cluster
expands, cf. inset in Fig. 3(a). It is known that a weak
static electric field can enhance the harmonic signal sig-
nificantly [23–25]; this enhancement is attributed, first, to
the ionization enhancement, and, second, to the modifica-
tion of the electronic trajectories in the continuum. In order
to study the expectation about the effect of the static cluster
field on the harmonic signal shown in Fig. 3(a), we have
calculated the intensity of the 15th harmonic generated by
isolatedXe2þ andXe3þ ions in the presence of a static field
Estat parallel to the probe field. The corresponding results
are shown in Fig. 3(b) as a function of Estat. Both signals
are at maximum for static field strengths of about
0.02–0.04 a.u., which agrees well with the average field
strengths at about 200–300 fs in the expanding cluster
indicated by the vertical lines in Fig. 3(b). We note that
the maximum of the harmonic yield from the Xe2þ and the
Xe3þ ions around ! ¼ 300 fs can be related to the maximal
emission at external fields of about 0.02 a.u., cf. Figs. 3(a)
and 3(b). Such strong influence of the static field is typical
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FIG. 2 (color online). (a) Normalized harmonic signals
(n ¼ 7; 9; 11) from Xe135 found with Eqs. (1) and (2) as a
function of the time delay ! between pump and probe pulses;
the parameters are the same as in Fig. 1. (b) Comparison of the
densities calculated in the cluster simulation (filled circles) for
the times (gray vertical lines) when the 50% level is reached and
the threshold densities (open circles) for these harmonics; see
text for details.
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FIG. 3 (color online). (a) Normalized signal J15 of the 15th
harmonic (black line) emitted by the cluster Xe135 (same laser
pulse parameters as in Fig. 1) as a function of the time delay !
between pump and probe pulse. Contributions from Xe2þ

(dashed blue line) and Xe3þ (dot-dashed red line) ions are shown
separately. Inset: Average electric field (due to the other ions
in the cluster) seen by the ions as a function of time !.
(b) Harmonic signal I15 for Xe2þ (dashed blue line) and Xe3þ

(dot-dashed red line) ions in the presence of a static electric field.
The times at the vertical gray lines indicate at which time during
the cluster expansion the corresponding electric field acts on the
cluster ions, cf. the arrows in the inset of (a).
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for harmonics close to and beyond the cutoff because in the
presence of a static electric field there are classical elec-
tronic trajectories coming back to the origin with energies
exceeding 3:17Up leading to a shift of the cutoff to higher

frequency [24]. In the cluster response we have also found
such a pronounced enhancement for the other highest
harmonics (n > 15). This can be seen from the normalized
signals Jn of the individual harmonics obtained at a time
delay of 300 fs, shown in Fig. 4.

Note that study of the quasistatic electric field in the
expanding cluster with this technique could be very useful
in the case of an anisotropic cluster expansion, recently
observed experimentally [26]. In this case the harmonic
signal should depend strongly on the relative direction of
the probe polarization and the direction of the cluster
expansion. Indeed, when they are parallel to each other
the harmonic is enhanced due to the above-mentioned
mechanism. On the contrary, under perpendicular direc-
tions the free electronic wave packet drifts due to the static
field and thus misses the parent ion which suppresses
HHG.

The dynamics of the cluster explosion is size dependent.
Thus, the time instants at which the threshold densities are
reached will vary with the cluster size. We therefore pro-
pose to study cluster expansion in experiments with mass-
selected cluster beams. The mass selection results in a very
dilute cluster beam. However, results of successful experi-
ments using such beams have been reported recently
[27,28]. We note that observation of the threshold densities
does not require high HHG efficiency and thus it is possible
using dilute cluster beams. Moreover, using a low-density
target and a probe pulse at short wavelengths, as in the
present numerical study, experimentally helps to avoid
detuning from the phase matching, which could otherwise
impact the observation of the threshold densities. Note that
in a typical high harmonics experiment the spatial intensity
profile often leads to a convolution of the harmonic signals;
however, laser beams with a flattop intensity profile may
help to reduce the impact of the profile effect (see, e.g.,
[29,30]). Finally, HHG via long-range electron transfer

[31] is negligible in our simulations because it assumes
densities well above the threshold density; however, for
different conditions this might not be the case.
In conclusion, we have shown that high-harmonic

generation is an effective tool to monitor atomic cluster
expansion and provide temporal information about the
particle density in such a complex many-body system.
This has been exemplified by numerical simulations of
Xe clusters interacting with two ultrashort laser pulses,
where the pump pulse initiates the temporal dynamics,
namely, the charging and explosion of the cluster, and
the time-delayed probe pulse generates the harmonics in
the expanding cluster. In particular, the higher harmonics
scan the environment of the individual ions revealing the
time-dependent particle density and average static field in
the expanding cluster.
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