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Intensity dependence of harmonic generation in 10-um laser-
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Integral harmonic intensities in the radiation scattered from nanosecond 10.6-pm laser-
target interaction have been studied as a function of laser energy and target orientation.
Measurements suggest a power-law dependence of scattered harmonic intensity with
increasing laser intensity, I, I, up to ~1x10" W/cm’ incident with evidence of
saturation above this level. The scattered harmonic light at 7w, was found to be fairly

isotropic in front of the target.

PACS numbers: 52.25.Ps, 52.50.Jm, 52.40.Db, 42.65.Cq

The existence of an extended series of integral harmonic
lines in the spectrum of radiation scattered from laser-target
interaction with / 4>~ 10'*W gm’/cm’ has been reported for
both 10.6- and 1.06-um experiments."? In the former case,
harmonic lines up to 11w, have been observed, while for the
1.06-um experiments, observations up to 5w, have been
made. The remarkably similar spectra and intensities of the
harmonic lines in the two cases are suggestive of a wave-
length scaling characteristic of phenomena associated with
the electron oscillation energy. In this letter we would like to
present some additional data on the intensity and target ori-
entational dependence of harmonic emission in 10.6-um tar-
get experiments.

The intensity dependence of harmonic generation in di-
rect backscatter was studied with the experimental setup
shown in Fig. 1. A nanosecond (~ 1.5-ns (FWHM) pulse
from the COCO-II laser at N.R.C. was focused in an f/2.5
beam onto massive Al targets in vacuum. The prepulse con-
trast ratio was ~ 107 and the target focal spot size had a
measured half-energy diameter of 110 um at best focus. The
collimated backscattered radiation was sampled with a
NaCl beamsplitter in the incident beamline and directed
onto a detector-filter array which monitored the second-,
third-, fourth-, and tenth-harmonic levels. A Ge :Au photo-
conductive detector and narrow-bandpass dielectric filter
was used for the second harmonic. In : Asand Hg : Cd : Te
photovoltaic detectors with suitable filters sampled the third
and fourth harmonics and an S1 photomultiplier with nar-
row-bandpass filter responded to the tenth harmonic. In ad-
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dition to those harmonic lines monitored in the collimated
backscatter, seventh-harmonic emission was monitored in
the four directions shown in Fig. 1 (directions 2 and 3 being
in the plane of incidence and 45° to the plane of incidence,
respectively). For this purpose, Ge avalanche photodiodes
were used in combination with a Si window which served as a
long-wavelength pass filter to isolate 7w,. This combination
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FIG. 1. Experimental setup to study harmonic emission.
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FIG. 2. Energy dependence of the second-, third-, and fourth-harmonic
energies in backscatter.

had sufficient sensitivity to detect 7w, harmonic radiation
scattered from the target in a solid angle < 107 sr allowing
these detectors to view the interaction through external tar-
get chamber windows. All detectors used in these studies
had time resolution in the nanosecond range, allowing easy
identification of harmonic and plasma continuum signals.

As discussed in Ref. 1, previous measurements using
incident laser energies in the range from 25 to 50 J indicate
that from the third to the eleventh harmonics an intensity
ratio of ~ 6 exists between successive harmonic energies
E, ./ E. ; 1y, indirect backscatter with only a weak depen-
dence of the higher harmonic levels on incident laser energy
in this range. In the present study, incident laser energy was
varied systematically over the range from 1 to 40 J using a
propylene gas cell or Mylar attenuators at the laser output.
Care was taken to ensure that the laser operated on a single
rotational line (P 20) in the 10.4-um vibrational band and
that the laser pulse shape remained constant within the 700-
ps resolution of the photon drag monitor. The incident radi-
ation was Ppolarized at a mean incident angle of 20° to target
normal.

The relative levels of second-, third-, and fourth-har-
monic energies in backscatter with incident 10.6-um energy
in the range 1-40J are shown in Fig. 2. The tenth-harmonic
signal exhibited only a weak power dependence (= 2) on in-
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cident energy in the range 20 < £, <40 J but fell even more
rapidly than the fourth harmonic as the incident energy was
reduced below 20 J and became buried in the plasma contin-
uum at incident energies = 15 J. In an attempt to eliminate
that part of the scatter due to incident energy calibration
error and undetected variations in laser pulse shape from
shot to shot., the third- and fourth-harmonic levels were
plotted as a function of second-harmonic signal for the same
shot, with the results shown in Figs. 3(a) and 3(b).

It is apparent that the scatter in the data points is some-
what reduced and that low-energy points fall along the pow-
erlaws E;, « E} and E,, « E3 . In the upper range of
incident energies a saturation is evident with a much weaker
increase in the third and fourth harmonics with increasing
second-harmonic emission. This transition occurs at an inci-
dent energy of approximately 20 J and is also evident in Fig.
2. The data of Fig. 2 can be reasonably well described for
incident energies £, below 20J by £, « E for the second,
third, and fourth harmonics, although the best fit slopes are
slightly in excess of these values.

The 7w, detectors shown in Fig. 1 indicated a fairly
isotropic emission at this wavelength over the four directions
monitored. The signals did not vary consistently by more
than a factor of 2 in any of the four detectors, with the high-
est signals on detector No. 1 (nearly direct backscatter). In
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this location the 7w, emission was observed to be strongly
(> 75%) polarized paralled to the E vector of the incident
10.6-um radiation.

The effect of target orientation and laser polarization
on harmonic production was also examined. With the laser
output fixed at 30 J the target normal was varied from 20° to
45° with respect to the incident focal cone (P polarized), the
backscattered harmonics were observed to decrease with in-
creasing target angle by an amount roughly corresponding
to that expected with the reduced intensity on target. At
angles closer to normal than ~ 15°, observations were not
possible due to the onset of target-induced prelase which
drastically quenched harmonic production. Finally, the po-
larization of the 10.6-um laser beam was rotated by 90° by
means of a half-wave plate inserted in the beam line after the
oscillator and switch-out stages. The substitution of S- for P-
polarized laser output had no observable effect on the levels
of any of the harmonics or their dependence on target angu-
lar orientation.

An apparent saturation or transition from power-law
behavior in harmonic conversion is observed in these mea-
surements at an incident energy of 20 J (peak intensity ~ 10"
W/cm?). We estimate that at this incident intensity approxi-
mately 1% of the total incident laser energy is converted to
integral harmonics (mostly second harmonic). It is evident,
however, that if all harmonics up to the eleventh continued
to increase with incident laser energy as power laws
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E,., «<E , then total harmouic conversion would approach
100% at incident energies of ~ 100 J, so that some form of
saturation must be expected. The transition intensity of 10"
W/cm? is well above the onset of strong profiled modifica-
tion (v,./v,,)* ~ 1, so that assuming the harmonic production
observed here is related to a resonant field enhancement at
critical density (resonance absorption) saturation may be re-
lated to the effect of profile modification on the resonant
field.** The absence of a strong effect on harmonic conver-
sion in changing from P to S polarization is consistent with
x-ray studies of these plasmas® where the suprathermal emis-
sion temperature is also observed to be relatively insensitive
to polarization and target orientation. Because of the rela-
tively long pulse and high 7 A* encountered here, distortion of
the critical density front occurs, and it is not possible to asso-
ciate an “angle of incidence” with the original target angle.
This effect is clearly seen in interferometric observations of
these plasmas.*
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