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Interaction of high-power laser pulses with atomic media. II.Optical second-harmonic
generation
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It is theoretically and experimentally demonstrated that optical second-harmonic generation (SHG) is possible to
be observed in atomic media irradiated with an intense laser pulse. The SHG is induced by a static electric field

spontaneously generated in the interaction, and any special condition is not required for the SHG. The experiment
to observe the SHG has been made using atomic sodium vapor and a mode-locked Nd-doped yttrium aluminum

garnet laser system (pulse duration, 28 psec; output energy 50 mJ). The second harmonic (SH) polarization, spatial
beam pattern, and dependences of SH signal on the sodium density and on the fundamental intensity have been
examined. The experimental results agree well with the theoretical predictions and numerical results.

I. INTRODUCTION

In the preceding paper, hereafter referred to
as (I), it has been shown that an intense laser
pulse irradiating an atomic medium inevitably
induces static electromagnetic fields due to the
laser radiation force in the medium. Optical
second-harmonic (SH) radiation may be simul-
taneously generated in the atomic medium sub-
jected to the laser beam.

In general, optical second-harmonic generation
(SHG) or three-wave mixing in atomic vapors
and gases is allowed under only certain restricted
conditions, if high-order electric-quadrupole or
magnetic-dipole moments are taken into account
in atomic nonlinear susceptibilities. ' ' In the
electric dipole (El) approximation, SHG in centro-
symmetric media is strictly forbidden by parity
conservation .or symmetry. However, the applica-
tion of an external dc electric field to the medium
removes this restriction, making it possible to
observe SHG due to El interaction. This process
is known as electric-field-induced SHG' "and
was demonstrated in atomic gases by several
authors. ""Mossberg et al. have recently ob-
served SHG in atomic thallium vapor without ex-
ternal field, and to explain the SHG, they pro-
posed a radial electric field generation due to
charge separation produced by ionization (with
two-photon resonance) of atoms.

This paper presents an experiment and a theo-
retical analysis to show that SHG induced by
spontaneously generated electric field is possible
to be observed in an atomic vapor. The nonlinear
optical process concerned is in principle the
same as the electric-field-induced SHG mentioned
above. However, in the present case, any ex-
ternal dc electric field or special conditions are
not required for the SHG. The SH radiation is
easily observed and may provide us with some

information about the interaction of an intense
laser pulse with atomic media. Some of the ex-
perimental results have been presented previously
in a brief report. "

Section II gives a theory of the SHG induced by
the spontaneous electric field in an atomic med-
ium, where a short (-psec) laser pulse irradiating
a dispersive atomic vapor is assumed. In Sec.
III, we describe detail of the experiment in which
use has been made of atomic sodium (Na) vapor
and a mode-locked Nd-doped yttrium-aluminum-
garnet (Nd: YAG) laser system. In Sec. IV, ex-
perimental and numerical results are presented
and discussed. The discussion is concerned with
the SH polarization agd spatial beam pattern,
characteristic natures of the generated SH pulse,
and dependences of the SHG on Na density and
fundamental intensity.

II. THEORETICAL

Let us consider an atomic vapor irradiated with
a short (-psec) laser pulse. The conditions con-
sidered here are similar to those in (I) and are
summarized as follows: The atomic vapor is
isotropic and consists of one-electron atoms such
as alkali-metal atoms; the incident laser beam,
which is approximated by a plane wave, is lin-
early polarized and propagating along x and s di-
rections, respectively, and has the intensity dis-
tribution I of the form I=I,({r)g(t), where ( and

P are the dimensionless shape functions norm-
alized with respect to the maximum field inten-
sity Ion the laser frequency ls far from any kin
of resonances of the atomic transitions. The ir-
radiation of a laser pulse is accompanied with
multiphoton ionization of atoms, which is inevi-
tably apt to occur in the interaction of an intense
laser pulse with atomic media. The other atomic
or secondary processes, such as avalanche ioni-
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is employed for the atomic medium in which
multiphoton ionization proceeds. In Eqs. (I) and

(2), m, e, and c have the usual meanings, N and

N, are the densities of neutral atoms and ioniza-
tion electrons, respectively, f, is the oscillator
strength for the transition i with excitation fre-
quency (d„Eis the minimum number of incident
laser photons required to ionize a single atom, and
using the multiphoton ionization probability 8' at
the frequency + for a specific kind of atoms, &
is a quantity defined by

which is concerned with the degree of ionization
of atoms at time t. Using the function J', the
ionization rate N, /ND is given by

N, /N, = I —e~(-Z}, (4)

where NO=N+N, is the initial number density of
neutral atoms.

Now, it can be easily shown that optical seeond-
harmonic generation (SHG) is possible in the
medium of interest. As is well-known, the SH
radiation can be generateP in the presence of an
external dc electric fieM applied to atomic or
centrosymmetric media. ' ~2 Similarly, the spon-
taneous electric field (E,) may induce the SHG
to be observed in atomic media, even if there are
no external fieMs applied. The effective SH di-
pole moment P(2&@) in this process9'0 is asso-
ciated with the static electric field (E,) and the
incident high-frequency field E according to

zation, recombination, macroscopic current, and
charge separation' between electron and ion dis-
tributions, in the ionized vapor are neglected be-
cause of the short interaction duration concerned.
The fieM depletion due to multiphoton absorption
for the ionization is so small that it may be ig-
nored

Under the conditions described above, as dis-
cussed in detail in (I), a static electric field (E,)
due to laser radiation force is spontaneously gen-
erated in the medium. According to (I}, the form
for a component of (E,) is given, in the cylindri-
cal coordinates, as

&Z,)„= ~/(I -XJ') exp(-S) g, &,

P(2~) =X&'&&E,)EE, (5)

where X"' is the effective third-order nonlinear
susceptibility per unit volume of the medium.
Equations (I) and (5) show that only the radial com-
ponent of (E,) can contribute to the SH radiation
to be observed in the g direction. Equation (5) is
alternatively expressed by the components of
P(2(u) as

I „(2~)=X/ (&E,&„cose)Z', (Sa)

P„(2&v)= X,"' (&Z,)„sin&)E', (5b)

where the incident fieM E is polarized along the
x direction, and ~ is the angle between the funda-
mental polarization and &E,)„.The susceptibility
components may be written. as X,,"'=X„„„„andX,"'
=X,„+X„+X,, Equation (6) shows that the
SH radiation predicted is linearly polarized, and
that we have a radially polarized SH light along the
x and y directions. For X~~" =&23', the SH radia-
tion has a perfect radial polarization. Moreover,
for an incident Gaussian beam, the SH light will
vanish at the beam center (r =0) on account of the
form BI/&r o-rI for &E,)„,which is given by Eq.
(I), and of its radial polarization.

From Eq. (5), in the plane-wave approximation,
the local and temporal SH intensity I,„generated
along the z direction may be given by"~'+"

I~ = C(sina hkI /& AkL)'X2N'&E, pI2,

where we have set X' ' = gV for the atomic vapor, e'4
using the effective nonlinear susceptibility X per
atom, C is a constant, I is the interaction length,
and h, k is the wave-vector mismatch between the
fundamental and SH radiations. The wave-veetor
mismatch is ~given by &k = 4m(n, n, }/X,-where
n, and n, are the refractive indexes at the funda-
mental and SH wavelength A. and X, respectively,
which can be easily derived from Eq. (2). The
function (sin —,'b kf /24kI )' describes the phase-
matching condition for the SHG, and the maxi-
mum conversion efficiency from ~ to 2& is at-
tained with 4k =0. In the present case of interest,
hk or the coherence length L, defined by I,=
= ~m/6k~ is a function of space and time since the
ionization of atoms proceeds in the medium. If
there is no ionization, the intensity I,„given by
Eq. (7) has the fourth-power dependence of the
fundamental intensity I because &E,)„is propor-
tional to I.

Integration of Eq. (7) over the spatial coordin-
ates gives the SH power P~„,and the SH energy
E,

„

is obtained from integrating &~ over the time
t or the temporal history of the fundamental pulse.
According to the principle described above, cal-
culations of I~, I'~, and E~ have been made on
an incident Nd; YAG laser pulse irradiating atomic
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Na vapor. The results will be discussed later
together with the experimental results obtained.

IH. EXPERIMENTAL

To demonstrate the SHG process predicted in
Sec. II, an experiment was made using a mode-
locked Nd: YAG laser system and atomic Na va-
por. The laser system employed has been des-
cribed in detail elsewhere, ~' and only the outline
of the system will be repeated here. The oscil-
lator was passively mode-locked by a saturable
dye, and the TEM~-mode laser beam from the
oscillator was linearly polarized. A single pulse
was selected from the mode-locked pulse train
by an electro-optic shutter, spatially filtered,
and amplified by three amplifiers up to the output
energy of 50 mJ. The pulse duration & of a single
pulse was 28 psec, which was measured by the
two-photon-fluorescence method, assuming a
Gaussian temporal profile of the laser pulse. The
spatial intensity distribution of the laser beam
was measured with a photodiode array, and it
was found to be in good agreement with a Gaus-
sian profile. The beam divergence + was also
estimated from the measurement of the spatial
beam profile and was found to be +=0.33 mrad.
Great care was taken to obtain a fine spatial qual-
ity of the beam in the operation of the laser sys-
tem.

Figure 1 illustrates the experimental arrange-
ment employed to observe the SHG. The atomic
Na vapor is produced in a heat-pipe-type oven
made of stainless steel, of which pressure is
changed over the range from 0.1 to 1.0 Torr.
Argon of about 3 Torr was used as the buffer gas.
The oven is thermostatically controlled and pro-
vides a stable vapor zone of about 16 cm over the
central region. The incident laser beam is
focused by a lens with the focal length If =46 cm
into the oven containing the Na vapor. The spot
size rp=152 pm of the focused beam was deter-
mined from the relation rp +If.

The initial identification of the SH light gen-
erated in the Na vapor was made using a 100-cm

IV. RESULTS AND DISCUSSION

A. SH polarization and beam pattern

We now present the results obtained for the
SHG in atomic Na vapor. As suggested in Sec. II,
it should be the polarization and spatial beam pat-
tern of the SH radiation that demonstrate the most
distinctive properties of the SHG process pre-
dicted. In Fig. 2, we display the SH beam pattern
observed. The upper one in Fig. 2 shows clearly

0 45 90

spectrograph, on which the SH spectrum was ob-
served together with a reference spectrum of
helium. Photographic and photoelectric measure-
ments of the SH radiation were carried out. In
Fig. 1, the SH radiation generated in the oven is
separated from the fundamental light by a dielec-
tric mirror (M, ), while the fundamental energy of
each laser shot is monitored by a calibrated pyro-
electric energy meter (PE) and recorded on a
storage oscilloscope (CRO I). The SH beam passes
through an interference filter (IF) and is photo-
graphed by a Polaroid camera. The SH polariza-
tion is determined by observing the spatial beam
pattern behind a polarizer (P,). Also, the SH

radiation is measured by a detection system
composed of a 30-cm spectrometer and an opti-
cal multichannel analyzer (OMA). The SH signal
S,„ofthe OMA is integrated during a laser pulse
to give the relative SH energy. The SH signal de-
tected is monitored on an oscilloscope (CRO II),
and if necessary, it can be recorded on a X-F
recorder. Above the incident laser intensity of
about 5 x 10"W/cm, the SH radiation at X = 532
nm could be easily observed both photographically
and photoele ctrically.
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FIG. 1. Schematic diagram of the experimental ar-
rangement. M~, M2, dielectric mirrors; P~, P2, polari-
zers; CRO I, CRO II, oscilloscopes; IF, interference
filter; F, filter; OMA, optical multichannel analyzer;
PE, pyroelectric energy meter; MVP, half-wave plate.

FIG. 2. Photographs of the SH beam pattern observed
with no polarizer (the upper one) and behind a polarizer
(the lower three). e is the angle between the funda-
mental polarization and the polarizer axis, which are
indicated by an arrow and a dashed line, respectively.
Each photograph was taken by about 100 superimposed
la,ser shots at the intensity re= (2 3) x 3.0~ %/cm~.
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a ringhke pattern of the SH beam, that is, the SH

is found to be never generated at the beam center
(2'=0). The lower three photographs in Fig. 2 in-
dicate definitely that, for the incident linearly
polarized Gaussian beam, the SH light is linearly
polarized in the radial direction of the beam. The
SH polarization determined is schematically
shown in Pig. 3. We measured the SH signal 8,

„

as a function of the angle 8 bebveen the fundamental
and SH polarizations, and the result is shown in
Fig. 4. No apparent dependence of S,„on8 has
been found. This result is consistent with the
radial polarization observed, implying that, the
nonlinear susceptibility X'2' defined in Eq. (5) is
radially isotropic, or X12'=&22' in Eq. (6), under
the present experimental conditions. Thus the
SH polarization and spatial beam pattern observed
are in good agreement with the theoretical pre-
dictions described in Sec. Q.

S. The SH pulse

Calculations of I~, P,„,~ and E,„havebeen
performed under nearly the same conditions as
in the experiment. The method of calculations on
the incident laser pulse and the spontaneous fieM
is essentially the same as discussed- extensively
in (I). The incident Nd: YAG laser pulse is. as-
sumed to have Gaussian spatial and temporal in-
tensity profiles of the form I=&,exp(-22'/2'g
exp(-4t /2') with the spot size 2, =152 I2m and
the pulse duration 2 = 28 psec. In Eq. (7) pro
viding the SH intensity I~, the nonlinear sus-
ceptibility X is assumed constant, and the Na-
vapor zone length I is taken to be.6.6 cm which
is equal to the effective interaction length of
multiphoton ionization" estimated for the present
experimental condition of .focusing.

Examples of the numerical results for I~„are
represented in Fig. 5, which show the charac-
teristic spatial profile of II„in consistent with the
ringlike beam pattern observed and displayed in
Fig. 2. The temporal changes in the radial elec-

'l0-

C

b

C4
3

4A

tric field (E,)„clacluatdsunder the same condi-
tions as in Fig. 5 can be referred to in (I) (see
also Appendix).

Figure 6 shows the temporal changes in I'2„at
several fundamental intensities, which have been
obtained by integrating I~ over the spatial coor-
dinates, i.e., over r in this case. It is seen that.
the SH pulse is deformed from the incident Gaus-
sian pulse due to the ionization and resulting
temporal change in the phase mismatch &k for
the SHG. The calculated SH energy E~, which

can be easily obtained by integrating P,„overthe
time t, will be compared with the experimental

' results in whqt follows.
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FIG. 4. SH signal observed as a function of the azigle
bebveen fundamental and SH polarizations. Initial Na

density No= 3.4 x 10 cm 3 Fundamental intensity Io
=3,Q x IQ12 W/cm2

FIG. 3. Scheme of the SH polarization observed.
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FIG. 5. Temporal changes in the radial distribution of
SH intensity. The incident Nd: YAG laser pulse is as-
sumed to have the duration v = 28 psec and the spot size
ro= 152 pm. Initial Na density No= 5.8 ~ 10~~ cry 3 Inter-
action length I = 6.6 cm; Fundamental intensity (a) Io
m 3 x IQ11 W/c2n2 (b) I2--3 x j Q12 W/c2n2
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FIG. 6. Temporal dependences of SH power under the
.same conditions as in Fig. 5. Fundamental intensity Io
= (a) 5 x 10&&, (b) 6 x 10 ~, (c) 8 x 10, (d) 1 x 10 (e)
3 x 10i2 W/cm2. The dashed line indicates the temporal
profile of the fundamental power.

C. Oependences of the SH energy on Na density
and fundamental intensity

In Fig. V, we show the numerical results for the
SH energy E~ as a functi, on of the initial Na den-
sity No at the fundamental intensity Io= (a) 5 && 10~',
(b) 8X10", and (c) 8 X10'a W/cm2, where the
numerical conditions are the same as in Fig. 5.
Note the large difference among the three de-
pendences of E,„onN, . At low input intensity,
multiphoton ionization of Na atoms is so small
that the wave-vector mismatch 4k does not change

so much during the interaction. Then, as ex-
pected from Eq. (7), E~ has a periodic depen-
dence [curve (a)] that is familiar to those ob-
tained so far j.n the studies""' of harmonic
generation in atomic vapors. At high input inten-
sity, a large change in hk takes place in the in-
teraction, because of the rapid and strong ioniza-
tion of atoms. Then one can expect that the co-
herence length L, becomes much longer than. the
initial value, and the phase-matching condition
may be satisfied over the effective interaction re-
gion and duration for the SHG. For example, ~,
is about 6 cm at No= 5 x 10"cm, but when half of
the neutral atoms are ionized, L, becomes to be
about 21 cm. Thus, E2„is nearly proportional to
the square of &c at the high input intensity [curve
(c)], as expected from Eq. (7).

To confirm the above prediction, the measure-
- ment of the SH signal S~„asa function of +0 was

made at a relatively high input intensity. The ex-
perimental result is shown in Fig. 8, where the
calculated dependence and the slope of 2 are indi-
cated by solid and dashed lines, respectively.
The SH signal observed increases monotonously
with increasing No over the Na density region, as
expected, being in excellent agreement with the
calculated dependence.

We have also examined a dependence of the SHG
on the fundamental intensity I„and the result is
shown in Fig. 9. If the irradiation of a laser pulse
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FIG. V. Dependences of SH energy on initial Na den-
sity. Fundamyntal intensity Io= (a) 5 x 10 (b) 8 x 10
(c) 3 X 10 W/cmt. The dashed line indicates a slope
of 2. The numerical conditions are the same as in Fig.
5.
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FIG. 8. SH signal observed as a function of the initial
Na density. Fundamental intensity II= 3.8 & 10It W/cmt.
The calculated dependence of E2 on No is shown by the
solid line. The dashed line indicates a slope of 2.
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FIG. 9. SH sign. al observed as a function of the funda-
mental intensity. Initial Na density Np=5. 3 x10 cm 3.
The calculated dependence of E2„onIp is shown by the
solid line. The dashed line indicates a slope of 4.
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is not accompanied with the ionization of neutral
atoms, the theory predicts a fourth-power depen-
dence of I~ or E~ on I, (the dashed line in Fig. 9),
as mentioned in Sec. H. However, the dependence
observed shows a slope steeper than 4 at relatively
low input intensities, and is reproduced well by
the calculation in which the effects of ionization
are incorporated (the dashed curve in Fig. 9).
The saturation of S~ at high input intensities in
Fig. 9 can be attributed to the rapid ionization of
atoms in the interaction region.
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FIG. 10. Radial distribution of (a) multiphoton ioniza-
tion rate and (b) radial electric field at the time t = 0.
The numerical conditions are the same as in Fig. 5.
Laser intensity Ip=(1) 4x10&&, (2) 5x10 (3) Sx10 ~,

(4) 1 && 10 (5) 3 && 10 W/cmm. The dashed line indi-
cated in (a) represents the intensity distribution of the
incident laser beam.

V. CONCLUSION

The theory and experiment for the spontaneous-
field-induced SHG have been presented. The ex-
perimental results for the SHG in atomic Na vapor
irradiated with picosecond M: YAG laser pulses
agree well with the theoretical predictions. The
SHG is, in principle, possible whenever an in-
tense laser pulse interacts with an atomic medium,
and any special condition is not required for the
SHG. From the observation of the SH radiation,
especially, of the SH polarization and spatial
beam pattern, one can see the static-field gen-
eration in the interaction of high-power laser
pulses with atomic media.
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APPENDIX

Under the same conditions as in Fig. 5, we have
calculated the multiphoton ionization rate &,/ND
and the radial electric field (E,)„.Some ex:unples of
of the results have been shown in (I) and are re-
produced in Fig. 10.
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