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2.E

Angular Distributions of High-Order Harmonics
from Low-Density Gas Targets
High-order harmonics have been observed during laser-atom interactions at a
number of different laser wavelengths with short-pulse, high-intensity laser
systems. Harmonics with frequencies in excess of 100 times the laser frequency
have been reported.lP3
Most high-order, harmonic-generation experiments to date have used gas
target pressures in excess of 10 Torr. These high pressures have been used to
enhance the harmonic signal, which increases quadratically with the pressure.
The phase-mismatch factors (caused by both neutral and ionized media) increase
with the pressure as does the effect of refraction of the incident laser when the
medium becomes ionized. Very few measurements of the angular distributions
of the high-order harmonics have been reported.3 The far-field pattern can
provide additional insight into the laser propagation, phase matching, and the
atomic response.
Phase-matching effects have been extensively studied by L'Huillier and
c o - w o r k e r ~ . ' , ~ - ~ Thave
h e ~made many detailed comparisonsof theircalculations
with their experiments and have found excellent agreement. Their studies have
included the effect of the intensity, pressure, and focusing characteristics (both
confocal parameter and jet position relative to the focus) on the spatially and
temporally integrated harmonic output. Faldon et aLs have been able to explain
the temporal history of the harmonic emission by considering the effects of
ionization and phase matching.
In this article, observationsof the angular (far-field) distribution of high-order
harmonic generation with a low-density gas target with gas pressures of the order
of 0.5 Torr are presented. With the870 focal system and 1-mrn-thick target, the
phase-mismatch factors from neutral gas, free electrons, and geometric effects
are all less than n. Thus, in these experiments, the high-order harmonics are
generated under conditions where the effects of phase mismatch on the harmonic
generation should be minimized. The goal of this work is to separate the atomic
response from the effects of phase matching. In the experiments presented in this
article, the far-fielddistribution of the 1 1th to 2 1st harmonics of the incident laser
radiation has been observed.The article is organized as follows: The laser system
and the detector are described first, followed by the onset of refraction, which
constrains the experimental conditions. Next, the angular distributions of the
high-order harmonics are presented, followed by a comparison of the
measurements with the predictions of lowest-order perturbation theory. Finally,
the conclusions are presented. (The gas target is described in Sec. 2.F.)

Experimental Conditions
The high-order harmonics are observed by focusing a I -pm, 1.5-ps laser into
amoderate-density gas target (p -0.5 Torr, thickness -1 mm) and then detecting
the harmonics with a transmission grating coupled to an MCP-phosphor image
intensifier. A schematic of the experiment is shown in Fig. 54.1 8. The various
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Transmission

Schematic of the experimental setup, including
the gas target and the angularly resolved
spectrometer.

The 1-ym, 1.5-ps laser pulses used to generate the harmonics are generated
with an Nd:glass, chirped-pulse-amplification laser stern^,'^ which has been
described in detail e1sewhere.l We have recently upgraded the energy capability
and focusing quality of the system.
For these experiments, a long Rayleigh range is desired to minimize the
geometric phase-matching effects on the high-order harmonics. To increase the
f-number of the focusing system, a smaller-than-usual, 1.1-cm-radius beam is
produced by the laser system. Under these conditions, the laser energy is limited
to less than 300 mJ to avoid B-integral effects and to operate significantly below
the compression-grating damage threshold. This beam is focused with a 153-cm
lens to produce an f-number of 70. While the use of the long-focal-length lens
sacrifices peak field intensity, the system is still able to achieve 3 x 1015 w/cm2
with relatively large focal volumes and low field gradients. The experiments
are currently limited to much lower energies because of plasma formation in
the spectrometer.
The focal spot diameter is 1.2 times diffraction limited. The focal characteristics
of the laser were measured by direct imaging, with 4X magnification, onto a
CCD camera. The focal-spot radius as a function of the axial distance along the
focus is shown in Fig. 54.19, as is the calculated radius for a diffraction-limited
j770 beam.
The spectrometer used in theseexperiments consists of a slit with approximate
dimensions of 500 ym x 2.5 cm followed by a bare gold wire transmission
grating, consisting of 0.5-ym-diam gold wires, separated by 1 ym (center to
center). The slit is aligned parallel to the grating wires. Following the grating is
a microc hannel-plate (MCP), image-intensified phosphor screen (Galileo model
808 1).The microchannel-plate intensifier is not UV enhanced so it cannot detect
harmonics lower than the ninth. The light incident on the slit and grating is
dispersed by the grating and produces spectral lines on the phosphor screen. The
different harmonic orders are separated in the direction perpendicular to the
grating lines, and their angular distributions are observed parallel to the slit. Thus
information about the far-field pattern as well as the spectral content of the
harmonics is obtained simultaneously. At this time, the spectrometer is not
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Fig. 54.19
Plot of the measured laser-beam waist as a
function of axial position along the focus,
showing that the beam is 1.2 tlmcs diffiaclion
lim~tedwithfY70 optics.
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absolutely calibrated so only relative levels of harmonic emission are presented.
In all cases, the same relative units are used. The relatively large slit allows a
larger photon flux to reach the detector at the cost of reduced spectral resolution.
In the configuration used for the experiments presented in this article, the
harmonic lines begin to overlap with the 23rd harmonic.
The gas target is designed to create well-characterized, narrow gas distributions
~
at low densities (1-2 Torr or less with backing pressures up t o S - l O T ~ r r ) . 'This
low-density regime is desirable to reduce the phase-matching effects during the
harmonic generation5 and the effects of refraction of the focused laser beam.
Also, the low backing pressure has the advantage of reducing the possibility of
dimer formation in gases such as xe.I3
The target and its calibration are described in more detail in the next article
in this volume. The gas target is 1 rnrn thick and typically operated at pressures
of 1 Torr or less. One important goal of the experiments is to operate in a regime
where the laser propagation through the target is unaffected by the medium. This
makes the interpretation of the experimental results easier. A laser propagating
through an ionized medium may undergo refraction or self-focusing. The laser
was focused through the gas target and imaged onto a CCD camera with various
xenon gas pressures in the target and with various peak laser intensities. The
results are shown in Fig. 54.20. Figures 54.20(a)-54.20(c) show the change in
effective focal spot with increasing laser intensity at 0.6-Tom pressure. At the
highest intensity xenon is fully ionized within the focal v o ~ u m e . At
' ~ this low
pressure, the focal spot is identical to that observed in the vacuum. When the
pressure is increased to 2 Tom as in Figs. 54.20(d)-54.20(f), an apparent decrease
in the focal volume is observed. This is caused by refraction, which decreases the
f-number of the laser as it leaves the gas target. Preliminary calculations of the
refraction under these conditions are consistent with the observed results.
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Imaged laser spots:

Incident intensity: 1 x 1014w/cm2

2 x 1014 w/cm2

1 x l o i 4 w/cm2

2 x l o i 4 w/cm2

Fig. 54.20
Images of the laser focus as a function of laser intensity and gas target pressure. Figures 54.20(a)-54.20(c) show
increasing laser intensity at 0.6 Tom of xenon pressure, and Figs. 54.20(d)-54.20(f) show the same for 2 Tom
of xenon.

Harmonic Far-Field Distributions
The experimental conditions previously described have been chosen to
minimize the phase-mismatch factor^.^ The combination offl70 focusing and a
thin gas target ( I mm) means that the target thickness is much less than the 12mm confocal parameter. In addition, the low gas pressures of -0.5 Torrmean that
the phase mismatch from neutral Xe and free electrons is minimal. Table 54.1
shows that the phase-mismatch factors for various harmonic orders are less than
or of the order of 1 rad.
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Table 54.1: Phase-mismatch factors AkL (radians).
Harmonic order
Neutral Xe
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I Free electrons

9
0.08
0.50

13

17

-0.05

-0.08

0.70

0.90

21
-0.08

I

1.10

I
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Figure 54.2 1 shows the far-field (angular) distribution of the 1 1th to 2 1st
harmonics of the laser at an intensity of 9 x loi3 w/cm2 and a gas target peak
pressure of 0.3 Torr xenon. These results are typical of the harmonic profiles
under these conditions. Most of the high-order harmonics have a very narrow
angular structure. For xenon under these conditions, large-scale shoulder structures
appear on the 13th harmonic. The shoulders are also observed on the 15th
harmonic in krypton and the 17th in argon. While the strongest shoulders are
observed on the 13th harmonic in xenon, recent, more sensitive experiments
have shown shoulders on other harmonics as well.

Xe: I = 9 x 1013 w/cm2; 0.3 Torr
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Fig. 54.21
Typical far-field distribution of the 1lth to 21st
of xenon at
harmonic observed for 0,3
9 x 1013 WIcm2.

The relative energy in the different harmonics is determined by integrating the
harmonic emission radially, taking the circularly symmetric nature of the
emission into account:

The emission is symmetric around the peak signal level. Figure 54.22 shows
the relative energy in the 11th to 23d harmonics in xenon at a gas pressure of
0.5 Torr for three different intensities. The development of a plateau in the
harmonic emission with increasing intensity is evident.
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Under perfect phase-matching conditions, the integrated harmonic intensity
should scale as N ~where
,
Nis the number of atoms in the focal volume for a fixed
intensity. Figure 54.23 shows the integrated energy for the 11th to 2 1st harmonic
in xenon at 9 x l o i 3 w/cm2 at four different gas pressures. The overall shape of
the harmonic-energy spectrum is maintained, and the energy of each harmonic
scales quadratically with pressure as expected.

Harmonic order

Fig. 54.22
Relative-harmonic energy in the 1lth to 21st harmonic in xenon at 0.5 TOITand three
different intensities.

Harmonic order

Fig. 54.23
Integrated energy for the 1lth through 21st harmonic for xenon at 9 x 1013 W/cm2 for
four different gas pressures.
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One of the features common to all of the low-pressure, far-field distributions
is the development of significant shoulders, which appear most pronounced on
one particular harmonic first. This is evident in the 13thharmonic in xenon in Fig.
54.21. The far-field emission for Xe, Kr, and Ar is shown in Fig. 54.24. For Kr
and Ar, the shoulders appear on the 15th and 17thharmonics, respectively. In this
case, the intensity is approximately the barrier suppression ionization threshold
(BSI)," and the gas target density has been scaled so that the level of emission
is similar in each case. At the BSI threshold, the ionization probability has been
observed to be approximately 1% for 1.5-ps, 1-pm laser pulses.'4.15 It is
important to note the similarities among the far-field patterns of the different
harmonics. Each of the harmonics shoes the same shapes. In fact, the angular
distributions are almost identical. The primary difference is the harmonic on
which the shoulders first appear. These results are summarized in Table 54.11.
The pronounced structureappears on the harmonic,whichis one order ( 2 ~higher
~ )
than the first with energy greater than the field-free atomic ionization potential.

Fig. 54.24
Compa~isonofthefar-fieldemission forxe, Kr,
and Ar with the intensity at the BSI threshold.

Comparisons with Lowest-Order Perturbation Theory
With the exception of the harmonic, which shows the shoulder-like structure,
the far-field patterns are quite narrow and seem to get narrower with increasing
harmonic order. We can compare the far-field widths with the predictions of
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Target Gas

BSI intensity l 5

Experimental Intensity

First Harmonic
Showing Structure

Xenon

8.6 x 1013 w/cm2

9 x 1013 w/cm2

13

Krypton

1.5 x 1014 w/cm2

1.2 x 1014 w/cm2

15

Argon

2.5 x l o i 4 w/crn2

2.1 x 1014 w/cm2

17

lowest-order perturbation theory (LOPT). The harmonic intensity is assumed to
vary as 14. The angular width of the harmonics is then expected to vary as
60, I & , where 60, is the angular distribution of the laser. The observed
harmonic emission for Kr at 0.5 Torr and l o i 4 w/cm2 is compared with the
LOPTpredictions in Fig. 54.25. Good agreement with the far-field patterns of all
the harmonics is observed. It should be noted though, that the relative intensity
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Fig. 54.25
Comparison of the far-field emission for Kr at 0.5 Tom and 1 x 1014 W/cm2 with the
predictions of lowest-order perturbation theory.
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Conclusion
The far-field pattern of high-order harmonics has been observed under
conditions where the geometric and propagation phase-mismatch factors should
be negligible. Under these conditions, we find that the far-field pattern (though
not the intensity scaling) is consistent with lowest-order perturbation theory,
except for one harmonic (the 13th in xenon, the 15th in Kr, and the 17th in Ar).
The harmonic emission scales quadratically with the pressure and, even under
these low-pressure conditions, a plateau develops, as has been observed in many
other experiments.
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