
w r

VOLUME 26 8 I'EBRUARY 1/71 NUMBER 6

dc-Induced Optical Second-Harmonic Generation in the Inert Gases*
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Harrison M. Bundall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48104

(Received 20 November 1970}

We have measured dc-induced optical second-harmonic generation by a focused laser
beam; we verify the predicted dependence on geometric and physical parameters, thus
providing a novel method of probing the confocal parameter at the laser focus. In addi-
tion, we have deduced values of X»»(-2&v;0, &u, ~}for the inert gases, and we find good
general agreement with various other data.

Copious generation of optical second harmonic
due to electric-dipole interactions is restricted
to those systems which lack a center of inver-
sion. However, the application of a dc electric
field to a centrosymmetric system removes this
restriction, making possible the observation of
dc-induced optical second harmonic. This pro-
cess was first demonstrated in a solid by Ter-
hune, Maker, and Savage' and in a number of
gases by Mayer et al. '

We wish to report the following: the results of
an analysis of dc-induced optical second-harmon-
ic generation by a focused laser beam where the
phase of the optical field near the focus is given
special consideration; the experimental confir-
mation of this analysis; and measurements of the
coefficients for the inert gas atoms.

A schematic diagram of the apparatus is shown
in Fig. 1(a). The ruby laser beam (0.8 IVIW peak
power at 6943 A) was brought to focus near the
center of a cell containing the gas under investi-
gation. A pair of cylindrical electrodes whose
geometry and dimensions are shown in Fig. 1(b)
provided a dc electric fieM in the region of the

0
focus. Second-harmonic light at 3471 A was fil-
tered from the fundamental by an aqueous copper-
sulfate filter and a quartz prism monochomator
(resolution =120 A) and detected with a photo-
multiplier (1P28). This signal, proportional to
the harmonic power 6", was displayed on a dual-
beam oscilloscope together with the signal from

Pi = spL }(itg)(-2(U; 0, N, (d)Et EI, E )

P and & are polarization and field amplitudes,
respectively, at frequencies indicated by super-
scripts, p is the relative density in amagats, and
L is Loschmidt's number. Local field factors'
have been taken to be unity and the factor ~ is in-
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FIG. 1. (a) Schematic diagram of the apparatus.
(b) Electrode geometry.

a photodiode monitoring the laser power 6' .
Among the gases that we have investigated so far,
none has failed to give a clearly detectable sig-
nal, and the number of harmonic photons gener-
ated per laser pulse has ranged from about 6X10'
for xenon to 4x10' for helium.

We wish to relate 6" and 6' to the atomic co-
efficient for dc-induced second-harmonic gener-
ation, }((-2~;0, cv, &u) defined by
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eluded in accordance with the convention

llm )((-(do,' (dz, (d» (d&) = g(0; 0, 0, 0).
all u~p

The laser beam is taken to be a lowest order
Gaussian mode with wave vector zk, confocal
parameter b, and beam waist located at the co-
ordinate origin. All of the gases studied exhibit
normal dispersion throughout the wavelength re-
gion 6943-3471 A so that the wave vector mis-
match Lk defined by

gk = 2k~-k2~ (3)

ls negative and small compared to k . 4kp will
be used to indicate the wave vector mismatch at
STP. The transverse dc electric field &, (z) in

the region of the beam is given, to a good approx-
imation, by

where

2V 1
d cosh '(l/2a) 1+[2(z-z,)/d]" (4)

d2 = 12-4a2 (5)

The approximation depends on the optical beam-
waist diameter being small compared to 4 and its
far-field diffraction angle 6 being small. In Kq.
(4), V is the applied dc voltage, a is the elec-
trode radius, 1 is the distance between the elec-
trode axes, and z, is the z coordinate of the elec-
trode axes [see Fig. 1(b)]. The distance between
equivalent thin electrodes, d, is also a measure
of the extent of the field in the z direction. An

analysis similar to that applied by Kleinman,
Ashkin, and Boyd' and by Ward and New' to relat-
ed problems yields

36p41 2~3 2
6" =(6' )'[& '( )]' e2C4

0

x —I'(p)B(b)Z(z 0),
I

(6)

where the optimum relative density,

p, =2/[dl~~, I], (8)

is that which makes the coherence length in the

where g is the relevant element of y(-2(d; 0, (d, (d)

and e is the base of natural logarithms.
and Z are dimensionless factors which can be
optimized to unity by choice of experimental
parameters and are given by the following:

~(~)= —ew(
'

)

gas equal to md/2;

$3(b) —4[(b/d)»2+(d/b)»2] 2

which is optimized by setting the beam confocal
parameter & equal to d; and

Z(z, ) = $1 +[2z,/(b+d) ]'j ' (10)

which is optimized when the plane of the elec-
trode axes is located at the beam waist. A de-
tailed derivation of this analysis will be present-
ed elsewhere.

The dependence of 6" on various parameters
predicted by Eq. (6) has been studied experimen-
tally. The expected dependence on optical power
and dc electric field has been verified. That is

g2QJ ~ (g &)n [@ 0(z ) ]m

where (for harmonic generation in helium) it is
found that n = 2.00+ 0.06 for 6' &0.8 MW and m
=2.06+0.06 with E'&75 esu. Figure 2(a) shows
an example (for nitrogen) of the dependence of
optical harmonic power on gas density. The pow-
er has been normalized to unity at the maximum
but the abscissa is fixed by gas density, elec-
trode geometry, and a value for &kp taken from
the literature. ' The theoretical curve is &(p)
from Eq. (7) and the fit is seen to be good. Fig-
ure 2(b) shows the variation of optical harmonic
power (in this case for air) as the electrodes are
moved along the optical beam. A curve of the
form &(zo) given by Eq. (10) has been fitted to the
data. The width of the curve yields a value for
b, an effective beam confocal parameter, which
is about thirteen times larger than the value es-
timated from the far-field diffraction angle of the
beam, &, using

b=4/(k 6').

This lack of quantitative agreement is not sur-
prising since Eq. (6) has been constructed for a
single, lowest-order, Gaussian-mode laser beam
while the laser used here exhibits complicated
multimode structure. However, the effective &

derived from plots similar to Fig. 2(b) does re-
main in the range 8-18 times the value of 4/(k 6')
as the focusing optics are modified to change &

over a range 0.0054-0.036. This scanning pro-
cedure constitutes a novel method for probing
the form of the laser beam near the focus. Fig-
ure 2(c) shows the effect on harmonic power of
changing & by changing the focusing optics. For
each optical arrangement, & was determined from
the width of a plot similar to Fig. 2(c). Data for
two electrode pairs of different sizes are includ-
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FIG. 2. (a) Normalized harmonic intensity as a function of gas density compared with the theoretical curve from
Eq. (7). (b) Normalized harmonic intensity as a function of electrode position z 0 compared with the theoretical
curve from Eq. (IO) . The width of the curve yields an effective value for b. (c) Normalized harmonic intensity as
a function of b as derived from plots like that shown in (b). Data are shown for two electrode sizes subject to the
same intensity normalization. The theoretical curve is from Eq. (9).

ed, both sets of data having been subjected to the
same harmonic-intensity normalizing factor.
The fit to the curve &(&) given by Eq. (9) is sur-
prisingly good bearing in mind the multimode
structure of the laser beam. %e intend to repeat
these experiments with a single-mode laser.

Equation (6) has been used to obtain values of
)((-2e; 0, co, cu) for the inert gases from measure-

ments of 6" /(g )'. For spherically symmetric
atoms there are two independent nonzero coef-
ficients, say )(»» and )(»„„(dropping the frequen-
cy labels for brevity). In the present experi-
ments these two coefficients are measured in-
dependently with the optical field linearly polar-
ized either parallel (E =y&, ) or perpendicular
(E =xE„) to the dc electric field [E'=yE,', see
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Fig. 1(b)]. In each case the harmonic field was
found to be linearly polarized in the y direction
as expected. It can be shown that

11m X yyyy 3 1lm Xyyzz
0 u2/ 2~00

where ~, is a characteristic excitation frequency
for the atom. This relation should be less well
satisfied for krypton (~'/cu, '-0.15) than for heli-
um (e'/e, '-0.005). However, we find

)(»»(Kr)3)(»gg(He) 0 98 + 0
3)(„„„(Kr))(„„(He)

suggesting that y»»(Kr) and 3)(»„,(Kr) are equal
to within 14%. Other measurements reported
here are confined to g»». For helium the abso-
lute value is found to be

)(»»(He) = 3.8 &10 "esu/atom (experimental),

with an estimated factor-of-three uncertainty.
This may be compared with the result of a time-
dependent pex turbation-variation calculation by
Sitz and Yaris' which is thought to be good to 1%,

)(»»(He) = 3.79 x10 "esu/atom (theoretical).

The close agreement is very satisfactox'y but
limited in significRnce by the 1Rx'ge experimental
uncertainty which arises largely from the uncer-
tainty in b and from a lack of detailed knowledge
about the multimode structure of the laser beam.

Ratios of coeffi.cients can be determined experi-
mentally with much smaller uncertainties (3-7%).
These ratios for the inert gases scaled to the
Sitz and Yaris value' for helium are shown in
Table I together with values of &A, from the lit-
erature and typical experimental values for the
density p and the dc electric field &,'(z,). Each
ratio represents data from three different runs
involving a total of about 400 laser shots. Also
shown in Table I are (i) )(»» calculated using a
simple theory due to Dawes' and normalized to
the vRlue fox' helium CRlculRted by Sitz Rnd Yarls~
(ii) various theoretical dc hyperpolarizabilities
)(', (iii) experimental Kerr coefficients X (ac-
curate to better than +10%), and (iv) experimen-
tal third-harmonic coefficients (accurate to
+20%) normalized to the value for helium calcu-
lated by Sitz and Yaris. ' Coefficients for these
different processes in the same atom axe ex-

Table L Experimental values for )(~ (-2(u; 0, cu, cu) in units of 10 ~ eau/atom; the absolute result for helium is
shown and relative values scaled to the value for helium calculated by Sitz and Paris (Ref. 7). Columns (i)-(iv)
show other nonlinear coefficients for comparison as discussed in the text. Also shown are DAO from the literature
and typical experixnental gas densities and dc electric fields.

( -2 (d; 0 s 4) ~ 0) )yyyy
-1

cm experiment theory
(i) (iii}~ (iv)

He 0.0946 76 3. 8 x 3 0, 88 3 ' 59

(4.3~ , 3.0 )

He

relative t'o X(He) = 3 ' 79

3 ' 79

10.5 + 0. 34

119 + 3.8

~91 + 14

10.4, 3 ~ 5

194@

0.177

1101.754

3.64

8.71 0.$Xe ll 805 . 57 757 979
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pected to differ since (cu/co, )' is not negligible.
The differences exhibited by the data in Table I
are close to estimates which we have made on
the basis of Dames" theory. We conclude that
the experimental dc-induced optical second-har-
rnonic coefficients are consistent with the data
presented, to within 1.5 times the combined un-
certainty.
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Precision Infrared Zeeman Spectra of CH4 Studied by Laser-Saturated Absorption*
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Zeeman splitting of the methane 2947.912-cm ~
E& ~ line was studied. The g factor of

the rotational xnagnetic moment of methane vras measured to be gz —-+0.311+0.006 and it
was found that gz(v& ——1) is equal to g&(v& = 0). A Doppler-generated "level-crossing" sat-
urated absorption signal was observed and is described.

There have been a number of studies exploiting
the very narrow linewidths obtained through a
variety of nonlinear optical processes. ' ' In this
Letter we report an investigation of the Zeeman
splitting of the +, ' component of the methane
&(7) v, line. ' Some aspects of the Zeeman struc-
ture of this transition have already been investi-
gated by Luntz and Bl ewel us1ng a level-cr'oss-
ing method. Exploiting the particularly good pre-
cision capability of methane saturated absorption
and frequency-offset locking, we have been able
to resolve the magnetic splitting of the methane
infrared line despite the smallness of the meth-
ane rotational magnetic moment.

Nonlinear absorption of 3.39-p.m He-Ne laser
radiation by methane has been thoroughly de-
scribed in Ref. 1. We departed i.n this experi-
ment from the standard arrangement described
there by using an absorption cell external to the
laser cavity, thereby making it possible to change
readily the type of light polarization and its ori-
entation as well as the orientation of the magnetic
field. Frequency-offset locking, an eminently
satisfactory way of obtaining precision line
shapes and line-center shifts, was again a cen-
tral feature of the measurement technique. Be-
cause a particular laser frequency can be offset
from a reference laser with almost the same pre-

cision as contained in the reference, we are able,
with either digital or analog procedures, to pro-
gram a frequency scan of excellent reproducibili-
ty. The fluctuations of the absolute frequency of
the controlled laser are about 150 Hz for a 1-sec
averaging time.

We briefly consider the experimental details.
(1) A reference laser is locked to the center of
the methane absorption signal. (2) The beat-fre-
quency signal between this reference and a sec-
ond laser, the local oscillator, is obtained and is
frequency-locked to a convenient value, 4500 kHz.
(3) Finally, a beat is obtained between the local
oscillator and the powerful laser oscillator that
illuminates the external absorption-cell system.
The external cell system is either locked to its
absorption-line center (the beat frequency being
monitored as tile IIlag11etlc fleM ls changed) ol' 'to

a programmed frequency offset from the local
oscillator source. The desired line shapes of the
external cell absorption are then extracted by
multiple-pass signal-averaging methods.

A 1-m-long He'-Ne" laser with about 7m& of
output power is the radiation source for the ex-
ternal cell. After passing through a Rochon po-
larizing prism, about 8% of this output is steered
into one detector. This signal is used to dynami-
cally control the laser excitation, thus pr oducing
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