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Angularly resolved high-order harmonic generation in helium
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We report the observation of harmonics up to the 119th in helium, generated using a 1.053-pm, 1-ps

chirped-pulse-amplification laser at intensities up to 3X10' W/cm, and the measurement of their far-

field spatial distribution. Complex spatial distributions are found for harmonics in the plateau region

and near the cutoff; their angular distribution narrows to approximately that predicted by lowest-order

perturbation theory.

PACS number(s): 42.65.Ky, 32.80.Rm

High-order harmonics of the fundamental frequency of
laser radiation may be produced in the noble gases at
laser intensities greater than 10' W/cm . At sufficiently

high intensities the distribution of the intensities of the
harmonics with increasing harmonic order (q) is charac-
terized by a rapid decrease, followed by a plateau where,
contrary to the predictions of simple lowest-order pertur-
bation theory (LOPT), the efficiency of harmonic genera-
tion is not strongly dependent upon the order. At yet
higher orders there is a relative1y sharp decrease in

efficiency to a cutoff, beyond which no harmonics are
detected. In the plateau region, harmonics in the ex-
treme ultraviolet (XUV) can be produced with brightness
exceeding that obtainable from conventional sources,
such as synchrotrons [1].

Theoretical studies of the interaction of high optical
fields with atoms indicate that harmonics of order greater
than 100 may be produced from atoms or ions with high
ionization potentials [2,3]. In particular [3], it is suggest-
ed that the highest order of the harmonic may be deter-
mined by the maximum energy a free electron, born at
rest in the optical field, can acquire. The maximum pho-
ton energy which it can emit as it oscillates in the field of
the atomic core is

E,„=I+3U
I is the ionization energy and U is the ponderomotive
potential produced by the laser radiation and is given by

p'2E2

P 4m 2

where E is the optical electric field and co is the optical
frequency. For example, for a 1.053-pm neodymium
laser of intensity 3 X 10' W/cm with a target gas of heli-
um (I~ =24.6 eV), the maximum harmonic order would
be q

—100.
Experimental studies of high harmonic generation have

been carried out at various laser wavelengths at intensi-
ties in the range 10' —10' W/cm [4—8]. The highest-
order process reported has been the 135th harmonic of
1.0S3-pm radiation (A, =7.8 nm) [8] and the shortest
wavelength (7.4 nm) obtained from the 109th harmonic of
806 nm Ti:sapphire laser radiation [6]. In addition to
studies of the spectra of the harmonics, both the tem-
poral [9,10] and spatial [9,11] distributions have been in-
vestigated. In such studies one must take into considera-
tion not only the response of the atoms in the high field,

but also ionization, the resulting depletion of the neutral
species, and the contributions to the phase matching
from the atoms, ions, and free electrons.

We report the study of the angular distribution of the
high harmonics in the region of the cutoff and show that
the distribution narrows rapidly to a value consistent
with LOFT as the cutoff is approached.

The laser used was a chirped-pulse-amplification (CPA)
neodymium system in which pulses from a mode-locked
Nd:YLF oscillator are passed through an optical fiber
and a pair of expansion gratings. This combination
stretches the pulse in time to 600 ps, increases the band-
width to 4 nm, and imposes a frequency chirp. A single
pulse is then selected for amplification in a Nd:glass re-
generative amplifier to approximately 1 mJ and subse-
quently to —1 J in three additional rod amplifiers. Final-
ly the pulse is compressed by a double pass through a
grating pair to 1.3 ps, as measured by a single-shot auto-
correlator. A small fraction of the beam is diverted to a
calibrated calorimeter to provide a measurement of the
pulse energy on each shot. The far-field profile of the
amplified pulse has been measured by focusing the at-
tenuated beam with a 5.2-m lens directly onto a charge-
coupled device (CCD) array.

A schematic diagram of the experimental setup is
shown in Fig. 1. The 35-mm-diam laser beam was fo-
cused into the helium gas jet to an intensity of -3X10'
W/cm by a f =1.7 m piano-convex lens (f /SO) through
a wedged antireflection coated ~indow on the end of a
vacuum extension tube. A long-focal-length lens was
used for two reasons. First, for a given laser intensity in
the focal plane, the harmonic signal scales as b [9] (b is
the confocal parameter), and second, to minimize the
effects of phase matching by operating in the loose focus-
ing regime. The focal spot was elliptical and the confocal
parameter was measured to be -20 mm by scanning the
distribution in the focal plane of a long-focal-length lens.
The Mach 5 pulsed solenoid-valve gas jet was backed
with 40 atm of helium, the supersonic flow ensuring that
the interaction zone was free of shock waves which could
modify the spatial profile of the harmonics. The gas dis-
tribution had a width of —1 mm with a number density
of —10' /cm .

A grazing-incidence (87') fiat-field spectrometer [12]
was used to disperse the harmonics which propagate col-
linearly with the laser beam. The entrance slit was 50 pm

1050-2947/94/49(1)/28(4)/$06. 00 1994 The American Physical Society



R2949

40 bar backing

pressure

input beam

xmm mam

, -~1.3ps

6+
a F 2p —3s

5+
13 C 2 —4

6+
c F 2p-3d

4+ 2
d C 1s —1s2p in 3rd order

5+ 2
e B 1s —162p in 2nd order

4+ 2
f C 1s —1s3p in 3rd order

5+
q. C 16—2p in 3rd order

6+
h F 2p-4d

6+
F 2s —4p

4+ 2
C 1s —1s2p in 2nd order

4+ 2
k C 1s —1s3p in 2nd order

5+
C 1s-2p in 2nd order

5+ 2
rn B 1s —1s2p

supersonic

gas let

grating

12m)t/mm

hellUITl let~ 2Torr, L-1mm

10

) 8

f=1.7m lens

vaaam chamber
flat-fiel XUV

spectfonletef
PC with

Frame-Grabber
dNusion pump

FIG. 1. Schematic diagram of the experimental layout.

wide and 15 mm long and provided a spectral resolution
of 0.05 nrn in the region of interest. The spectrometer
was placed 600 mrn from the laser focus and the laser
pulse energy was limited to less than 400 mJ to prevent

damage to the slit of the spectrometer.
A gold-coated 50X30-mm concave grating of 5649

mm radius-of-curvature and of variable pitch (approxi-
mately 1200 1/mm) was used to produce an aberration-
corrected, flat focal field. The distances from the grating
center to the entrance slit and the image plane were 235
and 237 mm, respectively. In the focal plane, the recipro-
cal dispersion varied from 0.43 to 0.77 nm/mm over the
wavelength range 5 —20 nm. Spectra were recorded with
a double-plate MCP of 50-pm resolution, sensitized for
the XUV with CsI, which was placed close to the focal
plane of the spectrometer. Although the operating range
of the spectrometer was 3—30 nrn, the aperture of the
detector limited the range to 12 nm for a single laser shot.
The output phosphor of the multichannel plate (MCP)
was coupled to an intensified CCD camera and the im-
ages analyzed with a personal computer and frarne-
grabber system. The overall gain of the detection system
was —10 .

The spectrometer was calibrated spectrally by three in-
dependent methods. First, a split-field filter comprising
150 nm thickness of aluminum and 100 nm of Formvar (a
carbon-rich plastic) was positioned behind the entrance
slit, which was illuminated by continuum radiation from
a laser-irradiated copper target. The cutoffs at the car-
bon E-shell absorption edge at 4.4 nm and the aluminum
L-shell absorption edge at 17.3 nm provide calibration
wavelengths. Second, the harmonics transmitted by the
Al section of the filter were monitored and the highest or-
der (q =61) transmitted by the filter identified. Third,
recombination lines from solid targets (carbon, boron,
and I.iF) placed in the laser focus were recorded. The re-
sults of these calibration techniques together with the
measured harmonic wavelengths over the range 6—15 nm
are shown in Fig. 2.

Since one of the aims of the experiment was to study
the angular dependence of the harmonics, the spatial im-
aging properties of the spectrometer and detection system
were of importance. Figure 3 shows the image observed
in the exit plane of the continuum radiation from a
copper target when the combination Formvar and Al
filter is placed close to the entrance slit, partially covering
the field. The linearity of the (spatial) edge of the sections
of the spectrum recorded through the different filters
confirms the fidelity of the image in the spatial dimension
orthogonal to the direction of dispersion. The separation
of the spectrometer (»b) from the interaction region
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FIG. 2. Calibration curve for the spectrometer (~, recom-
bination lines from solid targets; 0, harmonics).

was sufficient to ensure that the angular distribution of
the harmonics was measured in the far field.

In Fig. 4 we present a harmonic spectrum that was ob-
tained by averaging spectra from 18 shots of similar in-
tensity. The highest reliably identified harmonic is

q =119. The intensity scale is not absolute, since the
wavelength dependence of the throughput and sensitivity
of the detection system have not been accurately deter-
mined. However, from solid target emission spectra it is
known that the MCP detector is sensitive down to 4 nm
and that its gain is relatively flat over the range 5—20 nm.
The observed cutoff around q = 117 is therefore believed
to be real and not a detection artefact. Insertion of a A, /4
retardation plate in the laser beam, before the focusing
lens, completely eliminated the signal and confirmed that
the short-wavelength radiation was indeed produced by
harmonic generation, since harmonic generation is prohi-
bited using circularly polarized laser radiation because of
angular momentum conservation.

The maximum efficiency of harmonic generation was
estimated from the fact that the harmonic energy from
100 laser shots was insufficient to expose Kodak 104 x-
ray film. Assuming a sensitivity of —1 photon/ium [13]
and a uniformly illuminated area of film of —2. 5
mmX0. 2 mm=5X10 pm, this implies that fewer than
5000 photons were incident on the film per shot. Taking
into account the collection geometry, this corresponds to
the generation of ~ 10 harmonic photons per pulse and,
at a laser pulse energy of -200 mJ (10' photons), a con-
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FICx. 3. Spatial image of the split filter illuminated with con-
tinuum radiation from the Cu target.
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FIG. 4. Measured spectrum of high harmonics &n helium (un-

corrected for the sensitivity of the spectrometer and detection

system).

—12version efticiency less than 10
The spatial structure of a typical harmonic spectrum is

shown in Fig. 5. It consists of a number of closely spaced
harmonics starting in this example at q

=~ ~ ~ ~ =69. The lower
harmonics are partially obscured by the circular aperture
of the MCP detector, but there is a marked and rapid e-
crease in the angular divergence with increasing q, pinch-

= 115. Thisin down to a cutoA', in this case at around q
=

spatial collapse was observed to be associated wiwith the
approach of the cutoff in the harmonic order over the
range of laser intensities studied (- X 3).

Although LOPT theory is known to be inadequate for
stron field interactions, it is instructive to reiterate itsstrong e in
predictions in the weak-field limit where, for cf r constant
phase mismatch (b,k), the intensity of the qth harmonic is
proportional to the qth power of the laser intensity. For
a Gaussian laser beam, the far-field intensity angular dis-
tribution can be written as

r '2
0I(0) ~ exp —2
6o

and the harmonic intensity would be given by
2

0I (0) ~ exp. —2
q
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with the cone angle decreasing relatively weakly with—1/2harmonic order as q
The angular distributions of four harmonics (q =71,

91, 101, and 111) are shown in Fig. 6. The peak heights
have been normalized to ease comparison. The dashed
curve is the distribution predicted by LOPT. The laser
intensity distribution in the focal plane was approximate-
1 Gaussian in the direction parallel to the slit, with
6jo-10 mrad. From Fig. 6 it can be seen that the 71s

au
t

harmonic displays considerable structure. %ith increas-
ing harmonic order, the structure decreases in width, in-
creases in intensity, and merges with the central peak to
produce a distribution which is approximate1y Gaussian.
As the cutoff is approached, the distributions narrow and
approach those predicted by LOPT.

The angular distribution of the harmonics is governed
both by the atomic response and propagation through the
ionizing medium. The dipole moment at the harmonic
frequency d(co~) and the rate of photoionization may be

t d b time-dependent numerical solution o t e
eldSchrodinger equation for the atom in the intense fie

[9,14]. These show that, at relatively low intensities, the
magnitudes of the dipoles increase rapidly with intensity,
but flatten and show oscillations at high intensities due to
intensity-dependent resonances. This change in behavior
haracterizes the onset of the plateau. n a given intensi-

ty range, the harmonics in the plateau have already a-
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FIG. 5. Spatially and spectrally resolved harmonic spectra in

the region of the cutoft.
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FIG. 6. Spatial profiles of harmonics {dashed line is distribu-
tion predicted by LOPT).
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tained this saturated intensity dependence, whereas the
dipoles associated with the higher-order harmonics near
the cutoff still are strong, monotonic functions of intensi-
ty.

The spatial distribution of the source of a given har-
monic is governed by this intensity-dependent behavior of
the dipole moment. Thus, for the plateau harmonics, the
spatial distribution of the intensity which is proportional
to ~d(co )~ will be broad with a complex structure (due
to resonances) that deviates significantly from the Gauss-
ian profile of the input laser field, while for the harmonics
near the cutoff, it will be concentrated around the optical
axis with essentially a Gaussian form comparable to that
expected for LOPT.

The propagation of these harmonics is strongly
influenced by the dispersion of the free electrons pro-
duced by photoionization of the medium. The free-
electron phase mismatch is

hk =k —
qk~ =co (q —I)/2qcco,

where ~ is the plasma frequency of the ionized gas. This
is much larger than that of the atomic or ionic species
when the degree of ionization is high. Since the harmon-
ics near the cutoff are generated very near the optical axis
where the radial gradient of the electron density is low,

the change in phase across the harmonic beam is relative-
ly small. However, the plateau harmonics are generated
in a region which extends to much larger radii where the
gradient of the electron density distribution and hence
the variation in phase are significantly larger. As a re-
sult, although propagation of the plateau harmonics is
strongly modified by free-electron dispersion, giving rise
to broadening far-field distributions with complex struc-
ture, the highest harmonics are less affected and propa-
gate as near Gaussian beams, giving distributions with
low divergence.

In summary, we have shown that the spatial structure
of very high harmonics depends strongly on the harmon-
ic order in the region of the cutoff, approaching that pre-
dicted by lowest-order perturbation theory, and have sug-
gested a possible explanation for this behavior in terms of
the intensity dependence of the components of the
single-atom dipole moment.
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