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We observe experimentally and explain theoretically second- and third-harmonic generation from
a cell containing xenon gas using a tightly focused laser beam with intensities of up to 4X 1013
W/cm?. Both processes are forbidden according to standard lowest-order theories.

INTRODUCTION

There is currently great interest in the interaction of
atomic systems with extremely intense laser light. For
laser intensities of the order of 10'* W/cm? and higher,
this interaction cannot be described adequately using per-
turbation theory. For example, above threshold ioniza-
tion! (ATI, a process in which an atom absorbs more
than the minimum number of photons required to be-
come ionized) displays many features that cannot be un-
derstood by perturbative reasoning. The occurrence of
ATI suggests that parametric nonlinear optical processes
may also show qualitatively different features when excit-
ed using high laser intensities.>® In fact, Li et al.* have
observed the generation of odd harmonics of the laser fre-
quency up to the 33rd harmonic under strong-field excita-
tion of argon.

In this paper, we describe the results of an experimen-
tal study of harmonic generation in xenon under condi-
tions of high-intensity excitation. Our results are some-
what unexpected. First, we observe radiation emitted in
the near-forward direction at the second harmonic of our
input laser frequency. Second-harmonic generation
(SHG) in an isotropic medium is forbidden in the
electric-dipole approximation. We present evidence that
SHG is observed in our experiment due to the breaking
of the inversion symmetry of the medium by the static
electric field created as a result of charge separation fol-
lowing photoionization. This mechanism was one of
those proposed by Bethune® in an attempt to explain the
observation of SHG in sodium vapor.6'7 However, com-
plete agreement between theory and experiment was nev-
er obtained for the case of sodium.®

In addition, we have observed third-harmonic genera-
tion (THG) in xenon using a tightly focused laser beam
and find that the intensity of the third-harmonic signal
scales as the fifth power of the laser intensity. Our obser-
vations are in agreement with those of L’Huillier et al.’
and Ganeev et al.'® These observations are somewhat
surprising, firstly because the intensity of THG usually
scales as the third power of the laser intensity and
secondly because THG is known to be forbidden in a pos-
itively dispersive medium for tightly focused laser
beams.!"''> We have developed a theoretical model
which shows how the modification of the propagation
laws of Gaussian laser beams due to the nonlinear refrac-
tive index of the xenon gas leads to THG with an intensi-
ty that scales as the fifth power of the laser intensity.
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SECOND-HARMONIC GENERATION

Our experiment entails focusing the output of a
Nd:YAG laser operating at a wavelength of 1.06 um and
producing pulses with a duration of 30 ps and a max-
imum energy of 10 mJ into a cell containing up to 100
Torr of xenon gas. For peak laser intensities greater than
1X 10" W/cm? we observed SHG emitted in the near-
forward direction. Figure 1 shows the far-field intensity
distribution of the second-harmonic radiation both for
linear [1(a)-1(c)] and circular [1(d)] polarizations of the
fundamental laser beam. Figure 2(a) shows that the in-
tensity of the second-harmonic signal scales approximate-
ly as the 13th power of the fundamental laser intensity I
when the xenon pressure py. is held fixed at 15 Torr.
Figure 2(b) shows that the intensity of the second-
harmonic signal scales as the third power of pyx, when the
laser intensity is held fixed at 4 X 10'* W/cm?. These ob-
servations are explained by the following model.

SHG by a phase-matched process is forbidden in the
electric-dipole approximation for materials possessing in-
version symmetry. A number of physical mechanisms
which can break the inversion symmetry of an atomic gas
and lead to SHG have been described by Bethune.® We
find that only one of the proposed mechanisms is con-
sistent with our experimental results. According to this
mechanism, the inversion symmetry of the medium is
broken by a cylindrically symmetric static electric field
which results from charge separation following photoion-
ization. We assume that N, ions per unit volume are
thereby created, and that the photoelectrons are ejected
with average kinetic energy 7. The electrons are ejected
mostly along the polarization direction of the laser
light.!* However, the spatial distribution of the electrons
rapidly equilibrates and creates a cylindrically symmetric
electron cloud surrounding a region containing the posi-
tive ions. The characteristic time for this equilibration to
occur is the inverse of the plasma frequency
w,=(4mN,e*/m)'/?, which, assuming 1% ionization of
the xenon gas, leads to a time T, of 300 fs, which is much
shorter than the duration of our laser pulse. We can esti-
mate the magnitude of the static electric field created by
this charge distribution by equating the total kinetic ener-
gy of the ejected electrons N; TV (where V is the interac-
tion volume) with the energy stored in the static electric
field E2V /8, to obtain the result E,=(87N,T)/2. We
estimate the kinetic energy T as Sfiw, where due to the
effects of ATI (Ref. 1) the parameter S is of the order of
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FIG. 1. Far-field intensity distributions of the second-harmonic generation (SHG) with the fundamental laser beam polarized
linear and vertical (a)—(c) and circular (d). (a) shows the distribution of the total emitted radiation, (b) shows the distribution of the
vertically polarized radiation, and (c) shows the distribution of the horizontally polarized radiation. Photograph (c) has been exposed

for nine times longer than photographs (a) and (b).
same circular polarization as the fundamental.

5. Again assuming 1% ionization, so that N,=5.3X 10"
cm 3, we find that E,= 1000 statvolt/cm. The pondero-
motive force can also lead to a charge separation which
would break the inversion symmetry. However, for our
laser intensity of 4X10'3 W/cm?, the electric field creat-
ed in response to the ponderomotive potential energy
e’|E,|?/mw? is only of the order of 2 statvolt/cm.
Hence under our experimental conditions ponderomotive
effects play essentially no role.

Due to the presence of the static field E;, SHG can
occur in a nominally isotropic medium. The nonlinear
polarization leading to SHG can be expressed as

P,=x;(Eo'E|)E,+x}(E, E|)E, , (1)

where y'¥ and X are the two independent components

of the nonlinear susceptibility tensor. In general, '’ and
X+ depend differently> on the laser frequency . Howev-
er, under our experimental conditions of nonresonant ex-
citation, the ratio y}’'/x'}’ approaches the limiting value
of 1. Equation (1) explains fully the observed polariza-
tion and spatial distributions of the generated radiation
shown in Fig. 1. Since the static electric field vanishes on
axis and peaks near the edge of the laser beam, the non-
linear polarization P, also vanishes on axis. This polar-
ization will tend to radiate a second-harmonic field in the

photons per pulse
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FIG. 2. Number of emitted photons for second-harmonic
generation (SHG) and third-harmonic generation (THG) (a)
plotted vs laser intensity I with the xenon pressure held fixed at
15 Torr and (b) plotted vs xenon pressure py. with the laser in-
tensity held fixed at 4 X 10'> W/cm?. The straight lines show the
various functional dependences.

For a circularly polarized laser beam, the SHG is emitted in a ring (d) with the

form of a (generally nonaxially symmetric) cone. For the
case of a linearly polarized laser beam, Eq. (1) with
Xy Xf,3)=§ predicts that 90% of the power of the emit-
ted radiation will be polarized parallel to the polarization
of the incident laser beam and 10% will be emtited in the
orthogonal polarization. Each polarization component is
emitted in a double-lobed pattern with the lobes separat-
ed along the direction of polarization. For the case of a
circularly polarized laser beam, the second term in Eq. (1)
vanishes, and the second-harmonic radiation is emitted in
the form of a uniform cone with the same polarization as
the laser.

The observed I'* and p3. dependences of the intensity
of the second-harmonic radiation are also in agreement
with the predictions of this model. The static field E|,
which appears in Eq. (1) is proportional to N}/?, and in
the perturbation theory limit N; is proportional to the
product of the xenon pressure and the 11th power of the
laser intensity because 11 photons are required to ionize
xenon. Hence P, is proportional to E }*, which explains
the laser intensity dependence of the second-harmonic
signal. In addition, since P, is proportional to N E,
where N, is proportional to pyx. and where E is propor-
tional to p ¥/, the second-harmonic intensity is predicted
to be proportional to the third power of the xenon pres-
sure.

The efficiency of conversion of fundamental photons
into second-harmonic photons for a linearly polarized
fundamental beam is measured to be 7,~2X107'! to
within a factor of 3. We estimate the conversion
efficiency assuming plane-wave propagation and perfect
phase matching as 17,=97°k3(x'*)2IE3b?*/c where x'¥ is
the nonlinear susceptibility, k, is the wave number of the
fundamental radiation, w, is the beam waist radius, and
b=k, ,w} is the characteristic diffraction length of the
laser beam. Under our experimental conditions, the max-
imum pulse energy was 10 mJ and the pulse shape was
nearly Gaussian with a full width at half maximum
(FWHM) duration of 30 ps. We determine y'*’=N, us-
ing N,=5.3X10" ecm~? at 15 Torr and y=9X10"%’
esu'l as ¥¥=4.8X107!"° esu. We thereby find that
7,=1X107!", in good order-of-magnitude agreement
with our experimental results. '

Two other mechanisms that have been proposed’ as
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the origin of SHG in atomic gases are generation by
higher-order multipoles and radiation by nonuniformly
distributed free electrons. Under our experimental condi-
tions, both processes lead to a much smaller conversion
efficiency and to a pressure dependence different from
that measured experimentally.

THIRD-HARMONIC GENERATION

We have also studied the properties of the THG pro-
cess. We find that the third-harmonic radiation is gen-
erated on axis with a far-field spot size approximately
equal to that of the fundamental laser beam. Figure 2(b)
shows that the intensity of the third-harmonic radiation
scales as the square of the xenon pressure (for a laser in-
tensity of 4X 10> W/cm?) as expected for a phase-
matched nonlinear optical process driven by a prescribed
optical field in the low conversion efficiency limit. Figure
2(a) shows that, with the xenon pressure held fixed at 15
Torr, the intensity of the third-harmonic signal scales as
the fifth power of the laser intensity. We have developed
the following theoretical model to explain this anomalous
dependence on the laser intensity. It is well known that
no THG is produced for a tightly focused Gaussian laser
beam for the case in which the wave-vector mismatch
Ak =3k, —k; is negative,'"!? as it was in our experi-
ment. (We estimate that bAk =—0.01 for our experi-
mental conditions.) We believe that THG occurred in
our experiment due to a modification of the propagation
of the fields by the nonlinearity of the refractive index of
the xenon gas.'* We do not believe that plasma genera-
tion is important in producting THG because we observe
an I’ dependence, whereas 11 photons are required to
ionize xenon. To describe the propagation of a Gaussian
laser beam through a nonlinear medium, we make use of
the aberrationless approximation,!> which assumes that
the laser beam remains Gaussian but with a spot size
w(z) and phase ¥(z) that vary with z in a manner
different from that predicted by the usual law for propa-
gation through a linear medium. We consider the propa-
gation of a Gaussian laser beam of field strength
A (r,z) explik,z —iwt)+c.c. through a medium with a
third-order nonlinearity. We perform a calculation simi-
lar to that described by Akhmanov et al.!> who con-
sidered only the amplitude but not the phase of the beam.
We introduce the dimensionless coordinate £=2z /b and
the parameter B=6my¥|E,|*(k,w,)? that characterizes
the strength of the nonlinearity. We find that the propa-
gation of the laser beam is described for 8 < 1 by

A\(r,z)= <l
1\hz [(I_B)+§2]1/2
r(1—ig) .
X - (&)
exp wi(1—B)+€7] exp[ —iy(£)]
(2a)
where
1-g2. | ¢
) = |

WE Vi-p tan =B ] (2b)
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Note that the parameter 8 depends on the power P car-
ried by the beam (rather than the intensity) and can be
identified with the ratio P /P, where P__is the minimum
power required for self-focusing to occur. Under our ex-
perimental conditions, 3 is equal to 8 X107 * at the peak
of the laser pulse. Since B is much smaller than unity,
essentially no modification of the intensity distribution of
the beam occurs; the primary influence of the nonlinear
refractive index is to produce changes in the phases of the
interacting fields. We show below that these phase shifts
lead to THG with an intensity that scales as the fifth
power of the laser intensity.

We describe the generation of the third-harmonic field
through use of the paraxial wave equation for the third-
harmonic field amplitude 4;:

4,

)

+V5 Ay =—4my kAt

—24mxy k3| 4,174, , 3)

where the two source terms describe the direct generation
of the third-harmonic field and the nonlinear
modification of the propagation of the third-harmonic
field, respectively. We have been unable to solve Eq. (3)
with 4, given by Eq. (2). We therefore seek an approxi-
mate solution to Eq. (3) in the form of a Gaussian laser
beam

E3(Z)
1+ig P

. 3r2
wi(1+iE)

Ay(rz)= . 4)

We solve for the unknown function E;(z) by a perturba-
tion expansion. We first expand the source term A4 (r,z)
in a power series in the small parameter 8. We find, in
the aberrationless approximation (i.e., ignoring correc-
tions to the Gaussian radial dependence), that 4,(r,z) is
given by

T 1+ie P

A, (r,z)

wi(1+i)

B

o T

1+ 4+ (5)

To lowest order in our perturbation expansion (i.e., first
order in f3), we omit the second term on the right-hand
side of Eq. (3) and replace 4, by 4%, its unmodified
value, obtained by setting 3 equal to zero in Eq. (2). We
find that the first-order contribution to E;(z) is given by

(), iBE\ ¢ | ei(1/2)b8kg
EV()=—— [ d¢ iy (©)
The integral is readily evaluated in the limit £— o, and
we obtain the well-known result that E{! vanishes for
Ak <0. Hence, in lowest order, no THG occurs under
our experimental conditions.
In the next order of approximation (i.e., second order
in B), both source terms of Eq. (3) are present. The first
term is of the form

[—6mk3BxP(A? ) expliAkz)]/(1+iE) .
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However, this source term does not lead to THG as
z— o either, as one can show by means of a calculation
analogous to that of Eqgs. (4) and (6). The second source
term is of the form —247kiy®|4”?4}" where
A4"(r,z) is given by Eq. (4) with E;(z) replaced by ex-
pression (6) for E{'’(z). We find that for this source term
the wave equation is satisfied (to lowest order in r/w,)
for E'?'(z) given by

EP(2)=

—3/32E1 ¢ de' & ell1/20bAKE"
= f_m %)

2 —o 14+E (1+ig")?

For Ak=0 and z— o, we find that E{*'=—iinBE,.
Since S is proportional to |E, |2, Eq. (7) predicts that the
third-harmonic intensity will be proportional to the fifth
power of the laser intensity, as observed in our experi-
ment. The maximum experimentally observed photon
conversion efficiency 7, was equal to ~2X10™°. The
theoretically predicted conversion efficiency is obtained
by integrating the predicted third-harmonic intensity
over the temporal and spatial distributions of the laser
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pulse. We find that ;=1X10"°, which is within a fac-
tor of 2 different of the observed value.

CONCLUSIONS

In conclusion, we have observed second- and third-
harmonic generation in xenon gas under conditions
where naive theories predict that these effects should not
occur, and we have developed theoretical models that ex-
plain these observations. Similarly, higher-order effects
are expected to influence the generation of all higher-
order harmonics, complicating the relation between the
nonlinear response of individual atoms and the optical
signal observed from extended samples.
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FIG. 1. Far-field intensity distributions of the second-harmonic generation (SHG) with the fundamental laser beam polarized
linear and vertical (a)-(c) and circular (d). (a) shows the distribution of the total emitted radiation, (b) shows the distribution of the
vertically polarized radiation, and (c) shows the distribution of the horizontally polarized radiation. Photograph (c) has been exposed
for nine times longer than photographs (a) and (b). For a circularly polarized laser beam, the SHG is emitted in a ring (d) with the
same circular polarization as the fundamental.




