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We study the conditions for optimal coherence of harmonics emitted by atoms in strong laser fields.

The variation of the phase of the atomic dipole moment induces a dramatic dependence of the spatial and

spectral coherence on the focusing geometry. However, these coherence properties can be controlled

and optimized by moving the laser focus position relative to the nonlinear medium.

PACS numbers: 32.80.Rm, 42.65.Ky

One of the most important aspects of traditional, i.e.,

perturbative, harmonic generation in gases or crystals is

that the spatial and temporal coherence properties of the

incident laser are transmitted to the generated fields. If
the incident laser field is Gaussian both in space and in

time, the qth harmonic pulse is also Gaussian in space
and time, with a focal diameter limited by diffraction

and a pulse duration determined by the Fourier transform

of its spectrum. This remarkable property comes from

the simple expression of the dipole moment (d~) at the

qth harmonic frequency, which, according to lowest-order

perturbation theory, varies as the qth power of the incident

electric field.

Recent experiments [1,2] have shown that extremely

high-order harmonics can be produced in gases using

intense short-pulse low-frequency lasers. These processes
are highly nonperturbative. The conversion efficiency

does not decrease with the process order, but remains

approximately constant over a large spectral range (called
"plateau" ), before falling abruptly in the "cutoff" region.

The dipole moment dq is a complicated function of the

laser electric field and depends, in particular, on whether

the harmonic belongs to the plateau or to the cutoff. The

nonlinear polarization induced in the medium is therefore

a complicated function of space and time. This raises

the question of the coherence of the harmonic pulses

generated through these highly nonlinear processes. The

recent measurements of the angular distributions [3—5]
and the temporal [6] and spectral [7] profiles of high-order

harmonics give only partial, if not contradictory, results.

Besides its basic interest, the coherence of the harmonics

is also an important issue for the use of this radiation in

applications.
In this Letter, we present a theoretical study of the

coherence properties of high-order harmonics generated

by an intense short-pulse low-frequency laser. We show

that the specific intensity dependence of the phase of the

dipole moment in the tunneling regime [8] has a major
inhuence on the propagation and can lead to strong spatial

distortion [9] as well as spectral broadening. However,

the coherence of the harmonics can be controlled and

optimized by choosing appropriately the geometry of the

interaction and, in particular, the position of the laser

focus relative to the nonlinear medium. Experimental

data confirm our results.

The theoretical description of harmonic generation

processes involves two steps: the calculation of the sin-

gle atom emission spectrum and the propagation of the

generated harmonic field in the nonlinear medium. The

understanding of the single atom response to an intense

low-frequency laser field has progressed considerably in

the last year, owing to the semiclassical ideas developed

in [10,11]. The harmonics are created by those electrons

which, after having tunneled through the atomic poten-

tial barrier, are accelerated by the laser field towards the

nucleus and recombine. The approach developed in [8],
which recovers (and justifies) this semiclassical interpre-

tation of harmonic generation, allows us to calculate the

amplitude and the phase of the dipole moment for each

harmonic frequency. The second step of the theoretical

description consists in solving the propagation equations

in the slowly varying envelope approximation [12], using

these dipole moments as source terms. In all the calcula-

tions presented in this work, we try to mimic the experi-

mental conditions of [5]. The 825 nm wavelength laser is

assumed to be Gaussian in space and time, with a 150 fs

full width at half maximum (FWHM). The laser confo-

cal parameter b is equal to 5 mm and the focus position

is located at z = 0. The generating gas is neon and the

atomic density profile is a Lorentzian function centered at

z with a 0.8 mm FWHM, truncated at z ~ 0.8 mm. We

neglect the ionization of the medium: At the highest in-

tensity considered (6 X 10'4 W/cm2), its effect remains

marginal and does not change any of the conclusions of
this Letter.

The intensity dependence of the strength and phase of
the 45th harmonic emitted by a single neon atom is shown

in Fig. 1 [13]. In the cutoff region, ~dqs~~ increases rather

steeply with the laser intensity and the phase decreases lin-

early, as ——3.2U~/co (co is the laser frequency and U„ the

ponderomotive energy, equal to E~/4to2 in atomic units,

with E denoting the laser electric field). In the plateau,
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FIG. 4. (a) Near-field, (b) far-field, (c) temporal, and (d)
spectral profiles of the 45th harmonic. The solid line is the
result obtained at z = 3 mm, and the dashed line the result at

z = —1 mm. The dot-dashed line in both (c) and (d) indicates
the result obtained at z = 0.

intensity, i.e., at best focus and at the maximum of the

pulse envelope, of 6 X 10' W/cm . The result, shown

as a solid line, is quite asymmetric, and exhibits two

maxima. To understand their origin, we present three-

dimensional (3D) plots showing how the field is generated

in the nonlinear medium at z = —1 mm (left) and +3 mm

(right). The maximum on the positive side (when the

laser is focused before the medium) corresponds to the

best phase matching conditions on axis (see Fig. 2). The
field is constructed in a regular way, along the propagation
axis (see the 3D plot on the right). This occurs when

the intensity in the medium is such that the harmonic is

close to the cutoff. The maximum on the negative side,
closer to the laser focus, corresponds to a rather distorted

interference pattern in the medium. The intensity is such

that the harmonic is in the plateau region with rapid

phase and amplitude variations, in both the longitudinal

and transverse directions. Moreover, on this side of the

focus, efficient harmonic generation on axis is prevented

by the rapid variation of the polarization phase (see
Fig. 2). However, as shown by the 3D plot on the left

side in Fig. 3, the phase variation can be minimized along
favored directions off the propagation axis. This leads to
the formation of relatively intense annular beams.

In Fig. 4, we examine the coherence properties of
the 45th harmonic for the same positions z of the gas
medium as the 3D plots: 3 and —1 mm. They correspond
to comparable efficiencies (see Fig. 3), even though the

respective intensities in the medium are different. For
a peak intensity Io

——6 X 10 W/cm2, I(z = 3) = 2.5 X
10'4 W/cm2 (close to the cutoff region), and I(z =

—1) = 5.2 X 10'4 W/cm~ (plateau). Figure 4(a) presents
the spatial profiles at the exit of the medium (i.e., z +
0.8 mm). When the laser is focused 3 mm before the

medium, the harmonic profile (solid line) is very regular
with a super-Gaussian shape of half-width at 1/e2 equal

to 18 p, m (compared to 45 p, m for the fundamental).

This is the result of efficient phase matching on axis
together with a regular intensity dependence of the dipole
amplitude in the cutoff region. The harmonic radial

phase at the maximum of the pulse temporal envelope

presents a regular parabolic behavior, and corresponds to
a spherical phase front diverging from a virtual source

coinciding with the focus of the fundamental beam. The
harmonic beam is thus broader and more divergent than

predicted by perturbation theory. Its far-field profile,
calculated through a Hankel transform, exhibits similar

shape and divergence [Fig. 4(b)]. These results are in

good agreement with previous experimental data for the

45th harmonic presented in [5].
In contrast, when the laser is focused 1 mm after

the medium, the spatial profile becomes annular, with

an external radius of about 25 p, m (as large as the

fundamental one) and very little energy emitted on axis

[dashed line in Fig. 4(a)]. This is the consequence of
phase matching off axis (see Fig. 3), resulting in the

formation of annular beams. Moreover, the phase at the

maximum of the temporal envelope varies rapidly in the

transverse direction, which leads to a distorted annular

beam in the far field with a divergence even larger than

the 10 mrad half-width at 1/e2 of the Gaussian laser beam.

Both beams are almost spatially separated in the far field,

the harmonic beam being outside the fundamental.

The variation of the dipole phase with intensity has

also significant effects regarding the temporal coherence
properties of the harmonic radiation. Figure 4(c) shows

the temporal profiles of the 45th harmonic obtained at

z = +3 (solid line) and —
1 mm (dashed line). They are

very regular, with 70 and 80 fs FWHM, respectively.
For these positions, phase matching is efficient only for
intensities close to the maximum of the laser temporal

envelope. Consequently, the harmonic pulses are narrow

and regular. In contrast, for intermediate z positions,

phase matching can be more efficient at lower intensities,

leading to distorted temporal profiles sometimes as large
as the fundamental. As an example, we show as a dot-

dashed line the result obtained when the center of the

medium coincides with the laser focus (z = 0).
In addition, the dipole phase intensity dependence

induces a phase modulation of the harmonic pulse. This
leads to spectral broadening which, as the spatial profiles,

strongly depends on the position of the medium relative

to the laser focus. Figure 4(d) presents the spectral

profiles of the 45th harmonic for the same z positions
as before. When z = 3 mm (solid line), the harmonic is

mainly created in the cutoff region where the intensity

dependence of the dipole phase is slow, so that the
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0

fvequency chirp is limited. The FWHM is 0.4 A, which

corresponds to about 4 times the Fourier transform limit.

In contrast when z = —
1 mm (dashed line), the intensity

in the medium corresponds to the plateau region; the

dipole phase varies much more rapidly with intensity,

leading to a significant broadening. The width of the

corresponding spectrum is more thanhan 4 times that of the

previous one. For comparison, we also show the result

obtained at z = 0 (dot-dashed line), which presents a very

distorted spectrum with a 4 A width. The asymmetry

observed in the conversion efficiency and in the spatia

properties of the harmonics relative to g = 0 exists also

for the temporal coherence properties. Both temporal and

spectral profiles are quite different, for example, at z = 1

and —l mm, though the laser intensity in the medium is

t e same. ish ~ This is because phase matching occurs in a

d b thedifferent way, due to the asymmetry introduce y e

variation of the dipole phase. Both spatial and temporal

coherence of the harmonics are thus quite intertwined, in

contrast to traditional, perturbative, harmonic generation.

Finally, we present experimental evidence for the im-

portance of the geometrical conditions for the coherence
of the generated harmonics. In Fig. 5(a), we show the

evolution with g of the far-field profile of the 39th har-

this particular harmonic and intensity for comparing with

experimental results presented in Fig. 5(b). These experi-

mental results have been obtained in neon, with a 825 nm

150 fs Cr:LiSAF laser, at relatively low laser intensity,

below the saturation intensity for ionization. They will be
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FIG. 5. Theoretical (a) and experimental (b) evolution of the

39th harmonic far-field profile as a function of the position
o ef th medium relative to the focus. As g decreases, the

pro e, rs quifil, fi t uite narrow (long-dashed line), broaden
anddashed line), presents a dip at the center (solid line), an,

finally when z is negative, becomes a ring (small-dashed line).

presented in more detail elsewhere. The evolution from

Gaussian beams to increasingly distorted annular profiles

is remarkably reproduced in our calculations.

I conclusion the intensity dependence of the phase of
tralthe dipole affects dramatically the spatial and the spectra

coherence of the emitted beam. However, by focusing
the laser sufficiently before the medium, it is possible
to generate high-order harmonics with good spatial and

temporal coherence properties, while keeping a reasonable

conversion efficiency.
The experimental results [Fig. 5(b)] have been obtained

in collaboration with T. Ditmire and M. D. Perry at the
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