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An apparatus is described for the measurement of second-order nonlinear optical properties via
hyper-Rayleigh scattering with 1 cm21 spectral resolution of the scattered light. The setup allows a
complete investigation of the polarization dependence of the second-harmonic scattered light. The
combination of good spectral resolution, polarization analysis, and high sensitivity allows the
determination of accurate polarization ratios of the scattered light. Consequently, information on the
relative magnitude of hyperpolarizability components may be inferred from the measurements.
Liquid phase measurements of a number of pure organic solvents including substituted benzene
compounds are reported with approximately 5% uncertainty in the relative scattered intensities.
Vapor phase measurements are also possible using the same apparatus, allowing a separation of the
intrinsic molecular nonlinearities from contributions to hyper-Rayleigh scattering due to
intermolecular interactions. ©1996 American Institute of Physics.@S0034-6748~96!02504-3#

I. INTRODUCTION

Several research groups have pointed out the advantages
of using the hyper-Rayleigh light scattering~HRS! experi-
ment to probe the second-order nonlinear optical response of
molecules.1–3 Until recently, the method of choice for mea-
suring second-order nonlinear optical properties of organic
molecules has been the electric-field-induced second-
harmonic generation~EFISHG! experiment. As an external
electric field is required in this experiment, only neutral di-
polar molecules can be investigated for their nonlinear opti-
cal properties by the EFISHG experiment. In contrast, the
HRS experiment requires only an efficient detection system
to collect the scattered second-harmonic light. Consequently,
HRS has been successfully used to measure the nonlinear
optical properties of ionic species4,5 and octupolar
molecules,6,7 in addition to the highly studied dipolar mo-
lecular compounds.3,8

In molecular liquids, the second-harmonic scattered light
can arise from both the intrinsic molecular properties and
also from intermolecular interactions. As these effects typi-
cally have different spectral profiles, spectral resolution of
the HRS signal enables one to perform a lineshape analysis
of the scattered light in order to assess the various contribu-
tions to the HRS signal.9 Furthermore, as all components of
the hyperpolarizability tensor can contribute to HRS, de-
tailed polarization studies of the sample are needed in order
to dissect the contributions of each component. The appara-
tus in general use for doing these experiments does not pro-
vide any detailed spectral information, as the spectral selec-
tivity is achieved with interference filters.1–3,10–12 A few
experiments have been reported on the hyper-Raman and/or
hyper-Rayleigh spectra of selected molecules with spectral
resolution of'1 cm21.13–15 In these experiments, however,
the authors did not investigate the polarization dependence
of the HRS signal nor was there any calibration of the inten-
sity of the scattered light.

The apparatus described in this work provides 1 cm21

resolution of the scattered light and the ability to study the
full polarization dependence of the sample. Both liquid and

gas phase measurements are possible with this apparatus,
which aids in separation of the molecular and intermolecular
contributions to the HRS signal. We derive expressions
which relate the nonlinear optical properties of molecules to
the measured HRS signals. The low power, high repetition
rate laser source, and high efficiency detection system allow
the measurement of the polarized HRS spectra of a number
of organic liquids including substituted benzene compounds.

II. THEORY

When a molecule is irradiated with light of high inten-
sity, the resulting nonlinear optical response is usually writ-
ten as an Taylor series expansion of the induced dipole mo-
mentm in terms of the applied electric fieldEi(v) as

m i5a i j Ei1
1
2b i jkEiEj1..., ~1!

where the molecular tensorsa andb describe the linear and
lowest-order nonlinear optical properties of the molecules,
respectively. If the incident light is assumed to be travelling
in thex direction, as in Fig. 1, the polarization of the incident
electric field,E~v!, can be described by

E~v!5E0@cosc cosvt ey1sin c cos~vt1d! ez#, ~2!

wherec andd are arbitrary angles. Circularly polarized light
is described byc5p/4 and d5p/2 and linearly polarized
light by c50 ~horizontal! or c5p/2 ~vertical!.

The second-harmonic light intensity for a collection ofN
incoherently scattering molecules is, I 2v

} N^m i(2v)m i* (2v)&, wherem i(2v) is the induced dipole
moment for a single molecule. The time averaging over the
motions of the molecules indicated by the brackets will in-
volve products of components of the first hyperpolarizability
tensorb of the form ^b IJKbLMN&. Assuming the scattered
HRS signal is collected at 90° along they direction, the
polarization dependence of the second-harmonic signal is
given by16
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2&}^bXZZ
2 &sin4c1^bXYY

2 &cos4c

1sin2c cos2c ^~bXYZ1bXZY!
2

12bXZZbXYY cos 2d&, ~3a!

I EV
2v}^mz

2&}^bZYY
2 &cos4c1^bZZZ

2 &sin4c

1sin2c cos2c ^~bZYZ1bZZY!
2

12bZZZbZYY cos 2d&, ~3b!

where the subscriptsV, H, andE indicate vertically, horizon-
tally, and elliptically polarized light, respectively. The mac-
roscopic averageŝb IJKbLMN& are quadratic forms of the
microscopic molecular-fixed-axis hyperpolarizability compo-
nents,b i jk .

16–18 In the general case, at most five invariants
of the molecular hyperpolarizabilities may be determined,
depending upon the molecular symmetry. The use of linearly
and circularly polarized radiation allows the determination of
three independent polarization ratios. Consequently, ellipti-
cally polarized light is required to obtain full information on
these invariants when using Eqs.~3a! and~3b!. It is sufficient
to use incident light of various elliptical polarizations and a
linear polarizer to analyze the scattered light, as this provides
polarization ratios that are dependent upon all five invariants
of the HRS experiment.

A Soleil–Babinet compensator is used in the apparatus
described below to create elliptically polarized light from the
incident horizontally or vertically polarized light. The com-
pensator is characterized by an azimuthf, which specifies
the orientation of an optic axis with respect to the polariza-
tion of the incident light andG, the relative retardation be-
tween light waves traveling along the fast and slow axes of
the compensator. If the azimuth of the compensator is set at
f545°, the Jones matrix describing the compensator can be
written as19

F cosG/2 2 i sin G/2

2 i sin G/2 cosG/2 G . ~4!

Using the Jones matrix in Eq.~4!, with horizontally polarized
light incident on the compensator, the polarization of the
light leaving the compensator can be written as

E~v!5E0~v!S cosG

2
eH2 i sin

G

2
eVD . ~5!

The polarization of the light leaving the compensator is
equivalent to the polarized light described by Eq.~2! pro-
vided thatd5p/2 and c5G/2. The standardVV and VH
polarization geometries in Eqs.~3a! and ~3b! correspond to
setting the retardation of the compensator toG52c5p, and
selectingV or H with the appropriate setting of the analyzer.
Similarly, the HV and HH scattering geometries are ob-
tained fromG52c50, with d5p/2 and theV or H setting of
the analyzer.

Molecules of Td symmetry have only one nonzero-
independent hyperpolarizability component,bxyz. For this
symmetry group the intensitiesI EV

2v and I EH
2v given by Eqs.

~3a! and ~3b! simplify to

I cV
2v}^mz

2&}
12

35
bxyz
2 S 11

5

3
cos2c22 cos4c D , ~6a!

I cH
2v }^mx

2&}
8

35
bxyz
2 ~11cos2c2cos4c! ~6b!

whend is fixed atp/2. The same proportionality constant is
used in Eqs.~6a!, ~6b! and~3a!, ~3b!. For molecules of lower
symmetry, the corresponding expressions will depend on
several of the hyperpolarizability components, giving infor-
mation on their relative magnitude.

Assuming the second-harmonic scattered light is broad-
ened by rotational diffusion of the molecules, the spectral
distribution of the second harmonic scattered light is a sum
of Lorentzian line shapes.20 Intermolecular interactions also
broaden the spectral distribution, typically giving a compo-
nent with an exponential profile.21 The experimental spectra
were therefore fitted with the sum of a single Lorentzian of
integrated intensityI 1 and an exponential with integrated in-
tensity I 2 :

I VV
2v~Dn!5F I 1 n1 /p

Dn21n1
2 S 2

11expuDn/n0u
D

1I 2
exp2uDn/n2u

2n2
Gexp~2Dn/2kT!. ~7!

The Lorentzian function in Eq.~7! has its far wings clipped;
at large uDnu it becomes an exponential, as the Lorentzian
becomes inappropriate at high frequencies since rotational
diffusion does not describe the molecular motion on time
scales smaller than the mean time between collisions. Typi-
cally n0 is approximately 50–100 cm21, corresponding to a
collision interval of about 0.05–0.1 ps. The last exponential
factor accounts for the Stokes/anti-Stokes asymmetry~2kT
5410 cm21 at 22 °C!. All of the spectra measured in this
work are adequately described by an expression of this form,
as indicated by the case of chlorobenzene shown in Fig. 2. In
general, a more complete analysis of the HRS spectra may
require the use of multiple Lorentzians and/or exponential
terms to correctly interpret the spectra.

III. EXPERIMENTAL APPARATUS

A. Laser system

Laser systems in current use for HRS measurements are
primarily flashlamp pumped Nd:YAG lasersQ-switched by a

FIG. 1. Propagation and polarization directions of the incident fundamental
and scattered second-harmonic radiation field.
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Pockel’s cell.1–3,10 Although these lasers provide the high
intensity needed to generate second-harmonic light, the
Q-switch frequency is limited to frequencies,100 Hz. The
use of a cw pumped acousto-opticallyQ-switched Nd:YAG
laser provided repetition rates~1–50 kHz! that are more con-
venient for spectral studies of HRS. The experimental appa-
ratus used in this work is shown schematically in Fig. 3. The
source radiation at 1064 nm was obtained from a Quantronix
116 cw pumped Nd:YAG laser operating in a near Gaussian
TEM00 mode with a measuredM2'1.1. The laser produced
trains of'150 ns, 1 mJ pulses at working repetition rates of
1–3 kHz. The input power level and polarization are selected
by two Glan–Laser polarizers followed by a Soleil–Babinet
compensator. The fast axis of the compensator is set at 45°
with respect to the vertical axis, fixingd at p/2. A visible
blocking filter ~RG 850! is placed in the final position before
the focusing lens to prevent any second harmonic light that is
generated in the laser path from entering the sample cell. The
laser beam is focused into the sample cell with a 43 micro-
scope objective lens~focal length 32 mm!.

The measured beam waist diameter is 14mm ~confocal
parameterz05100 mm!, giving a peak intensity about 1
GW/cm2 at the focus of a 1 kWbeam. The intensity is much
smaller at the windows, where the beam diameter is'0.5
mm. The choice of the degree of focusing is not critical since
the signal from a given sample is actually independent of the
degree of focusing provided light is collected from the entire

beam length and the beam is nearly diffraction limited~sig-
nal }n/lM2, wheren is the sample refractive index!. Since
the scattering is strongly dependent on intensity, most of the
light is produced near the focus, with 99% of the signal
produced between23z0,z,3z0 . In our case this is a re-
gion of length 0.6 mm.

It is interesting to consider how the peak power of the
laser pulses affects the form of the apparatus. The maximum
intensity at the focus is set by the threshold for damage and
undesired nonlinear effects. As the peak power increases, the
beam must be focused more weakly so as not to exceed this
maximum intensity~z0} peak power!. Compared to our sys-
tem with 150 ns, 1 mJ pulses at 3 kHz, a higher-power 10 Hz
system with 15 ns, 1 mJ pulses will generate 103 as many
second-harmonic photons per pulse but will require a 103
longer sample region. Since the pulse repetition rate in our
system is 3003 higher, our system will produce a 303 larger
signal from a 103 smaller sample.

B. Sample preparation

A particular advantage of the present apparatus is the
minimal amount of sample material needed for an HRS mea-
surement. Normal 1 cm spectroscopic glass cuvettes are used
for measurements of pure solvents or solutions, and in typi-
cal experiments a 1.0 cm3 sample of liquid is sufficient. With
other standard cuvettes the required sample volume could be
reduced to'0.1 cm3. The liquids are filtered through a 0.2
mm micropore filter to remove dust particles that could be a
source of SHG signal. Strong thermal lensing is observed for
hydrogenated molecules due to absorption at 1064 nm by a
C–H vibrational overtone, limiting the HRS signal as the
beam is defocused at higher intensities. The thermal lensing
disappears for fully deuterated compounds or ones without
hydrogen, such as carbon tetrachloride, CCl4.

C. Photon collection and detection

The second-harmonic scattered light is collected at 90°
with an f /1.4 camera lens and focused into a tandem grating
spectrometer~Jobin–Yvon Ramanor U 1000!. The polariza-
tion of the scattered light is analyzed with a sheet polaroid
~transmission577% and extinction ratio5531024 at l5532
nm!. The 50 mm focal length camera lens is mounted on
precision translation stages and is positioned so that a 53
magnified image of the scattering region falls on the entrance
slit of the spectrometer. Field lenses are used at the spec-
trometer entrance and exit slits to improve the transfer of
light from off-center image points, through the spectrometer
and to the photomultiplier tube. The optics collect light at
f /1.8 from the sample and just fill thef /9 acceptance aper-
ture of the spectrometer. The signal reduction due to the
spectrometer is only a minor consideration since the trans-
mission probability for aV polarized HRS photon entering
the spectrometer is 30% atl5532 nm, not much lower than
the 35% transmission of a 3 nmbandpass interference filter.
The entrance slit can be closed to a spectral slit width of 0.8
cm21 ~physical slit width 100mm! before it begins to block
light from the image of the scattering source. The liquid
line-shape measurements were done with a spectral slit width

FIG. 2. I VV
2v HRS scattering from chlorobenzene at 22 °C with irradiation at

1064 nm. The Lorentzian term is fitted with 2n152.460.2 cm21 and the
exponential term withn253563 cm21.

FIG. 3. Experimental setup for spectral measurements of hyper-Rayleigh
light scattering. The components are denoted by: P: Glan-laser polarizer; C:
Soleil–Babinet compensator; F: RG 850 filter; L1: 43 microscope objec-
tive; L2: 50 mm camera lens; PD: photodiode; S: sample cell; SP: sheet
polarizer; OS: oscilloscope; PMT: photomultiplier tube; A/D: amplifier/
discriminator.
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of 1.2 cm21. For vapor phase measurements the slits were
opened to 13 cm21. The spectrally dispersed light was de-
tected by a cooled photon-counting photomultiplier tube
~Hamamatsu R943! followed by an amplifier/discriminator.
The output pulses corresponding to individual detected pho-
tons are counted by a multichannel scaler~Nucleus PCA!.

The polarization-dependent response of the detection
system enters into the polarization analysis of the collected
HRS light. The polarization ratio of the collected light (C) is
related to the polarization ratio of the detected light (D) by

S I VVI cV
D
C

5S I VVI cV
D
D

H F11rsS I cH

I cV
D
C

G YF11rsS I VHI VVD
C

G J ,
~8a!

S I cV

I cH
D
C

5sS I cV

I cH
D
D

H F11
r

s S I cV

I cH
D
C

G YF11rsS I cH

I cV
D
C

G J ,
~8b!

where r5TA,'/TA,i is the analyzer extinction ratio, and
s5TS,H/TS,V is the spectrometer transmission ratio for hori-
zontally and vertically polarized light. For the ideal instru-
ment r50 ands51. The value ofs for the present spec-
trometer varies from 10 atl5450 nm to 0.05 at 700 nm, and
has a value of 0.20 at 532 nm. Since the ratios enters as a
leading factor in Eq.~8b!, one must measure and correct for
the polarization dependence of the spectrometer to correctly
determine these polarization ratios. The other corrections in
Eqs. ~8! are small forr,1023. If the polarizer axis is mis-
aligned with the laser beam axis by an angleDa, then the
effective extinction ratio is increased tor eff5r1tan2~Da!.

As the optics collect light atf /1.8 from the scattering
source, the polarization analysis of the HRS scattered light
requires an averaging over angles around the nominal 90°
scattering geometry. The spectra were corrected for the effect
of a finite collection angleu0 by using

~ I EH
2v !C}AA^mx

2&1BB^my
2&, ~9a!

~ I EV
2v !C}CC^mx

2&1DD^my
2&1EE^mz

2&, ~9b!

where the coefficientsAA–EE are averages over the collec-
tion aperture as given in Table I. In the ideal case~u050!,
AA5EE51 andBB5CC5DD50, and Eqs.~9a! and~9b!
reduce to Eqs.~3a! and ~3b!. For finite collection apertures,
AAÞEE, which implies that the scattering geometriesVH
and HV are not equivalent. Atf /1.8, the corrections to
I VV
2v /I VH

2v are always less than 2%, but corrections toI VV
2v /I HV

2v

are as large as 15% whenI VV
2v /I HV

2v 510. The size of the cor-
rections scales asu0

2 and varies roughly linearly with the
polarization ratio.

The correction for a finite collection angle also requires
the orientational averagêmy

2&. In the general case, an ex-
pression can be written smilar to Eqs.~3a! and~3b!.16 For the
case ofTd symmetry this expression simplifies to

^my
2&}

8

35
bxyz
2 S 11

7

2
cos2c23 cos4c D , ~10!

where the proportionality factor is the same as in Eqs.~3!
and ~6!. Equations~6!, ~9!, ~10! together with the tabulated
values of the coefficientsAA–EE in Table I are sufficient to

correct the measured polarization ratios for molecules ofTd
symmetry. Corrections to measurements of molecules with
other point groups are straightforward with the appropriate
calculations of̂ m i

2&.
A photodiode and oscilloscope monitor the laser output,

and also generate a pulse which is used to open an electronic
gate during the laser pulse. By accepting photon counts only
during the laser pulse, the random background count rate is
reduced by a factor of about 2000, giving a typical back-
ground count rate of 0.002 Hz. The typical HRS signal from
a liquid sample is one photon counted per ten laser pulses,
yielding an average signal count rate of 300 Hz. In some
circumstances the HRS signal is much stronger and several
scattered photons may be detected per laser pulse. The pho-
tons tend to be closely bunched near the peak of the laser
pulse, and the pulse counting electronics are too slow to
reliably count multiple photons detected during a single laser
pulse. To avoid inaccurate results due to this problem, the
electronics are set up to register only a count of either 0 or 1
during a laser pulse, and the true signal count-rateS* is
determined from the measured signal count-rateS by apply-
ing the following expression:22

S*52R ln~12S/R!, ~11!

whereR is the laser repetition rate and Poisson counting
statistics are assumed. The most accurate results are obtained
whenS/R is small.

D. Vapor-liquid intensity comparison

The space above the liquid sample in a cuvette is filled
with the vapor of the sample molecules. The scattering from
the liquid and from the vapor can be compared by simply
shifting the cuvette vertically a few mm so that the laser
beam passes either through the liquid or just above the liquid
surface. Compared with corresponding Rayleigh scattering
ratio measurements, the HRS measurements have the advan-
tage that they are insensitive to the strong background of
laser light scattered without a frequency shift. However,
there are still several serious difficulties in practice. The HRS

TABLE I. The effect of a finite collection angle on the measured polariza-
tion ratios in the nominal 90° geometry is expressed by Eqs.~9! with coef-
ficientsAA, BB,... . The coefficients are obtained by averaging the corre-
sponding angular functions over the collection aperture~the nominal
observation direction is the polar axis andu, f are the usual spherical polar
coordinates!. The coefficients are subject to the constraintsAA1BB51 and
CC1DD1EE51. Numerical values are shown for two collection angles
corresponding tof /1.8 andf /3.0.

Coefficient Angular function Ave. atf /1.8 Ave. atf /3.0

AA cos2u

12sin2u cos2w

0.98177 0.99320

BB sin2u sin 2w

12sin2ucos2w

0.01823 0.00680

CC sin4u sin2w cos2w

12sin2u cos2w

0.00022 0.000031

DD sin2u cos2u cos2w

12sin2u cos2w

0.01779 0.00674

EE 12sin2u cos2w 0.98199 0.99323
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signal from a vapor sample is about 104 times lower than that
from the liquid. For example, with 2.5 W average laser
power incident on a 300 Torr CCl4 vapor sample~50 °C!, the
typical HRS signal integrated over the entire spectrum is 0.3
counts per minute~the gated background dark count rate
adds 0.1 cpm!. This limits the signal/noise ratio that may be
attained in a reasonable time, especially in spectral measure-
ments. It is also extremely difficult to adjust the alignment of
the apparatus using the signal from the vapor. Nevertheless, a
valid comparison of liquid and vapor scattering intensities
requires that the scattering and collection geometry be cor-
rectly set for both samples. Below we explain how this is
achieved.

Figure 4 shows the optical arrangement around the
sample cell in more detail. The effects of substituting vapor
for liquid inside the sample cell are several. The first effect is
that the focusing of the laser beam is modified. While the
diffraction-limited spot size is the same in liquid and vapor,
the confocal parameterz0 is larger by a factornL/nV in the
liquid. To maintain the beam waist at the same position in-
side the cell~distanceD from the inside face of the entrance
window!, the laser focusing lens is moved toward the sample
cell a distance

dD5D~nL2nV!/nL ~12!

when vapor replaces liquid. The focusing lens is mounted on
a translation stage and is typically displaced 1.6 mm to keep
the focus centered in the cell. Spherical aberration due to the
slab of liquid in the focused beam causes a negligible sys-
tematic error, since it increases the effective spot size,0.5%
for an input beam diameter,3 mm at the lens.

The second effect of replacing the liquid in the cell with
vapor is that the apparent position of the scattering source
seen by the collection optics changes, even though the fo-
cused laser beam passes through the sample cell at a fixed
distanced behind the inside surface of the viewing window.
The collection lens must be moved towards the cell by a
distance

dS5d~nL2nV!/nL ~13!

in order that the optical path length from scattering source to
lens remains constant when vapor replaces liquid in the cell.
In this way the magnification of the image formed by the
lens remains constant, but the image is now formed a dis-
tancedS in front of the entrance slit of the spectrometer.
However, there is no difference in the amount of light ac-
cepted by the spectrometer even though the incident light is
slightly out of focus at the slit. Typically,d51 mm,dS50.3
mm, and magnificationM55, so the image of the beam
waist is 70mm wide and the out-of-focus band of light at the
plane of the entrance slit is 130mm wide, much narrower
that the 3 mm slit width used in these measurements. The
slits are also much longer~25 mm! than the image of the
scattering source. The image can be focused in the plane of
the entrance slit by moving the lens slightly closer to the
sample cell, but this is not desirable since then the amount of
light that is collected and the fraction of the collected light
that is coupled through the spectrometer both change by un-
certain factors.

The third difference between liquid and vapor samples is
that light is collected over a solid angle larger by a factor
(nL/nV)

2 in the vapor. Fourth, the Fresnel transmission co-
efficients change at the inside surfaces of the entrance and
viewing windows of the sample cell. The transmission coef-
ficient isTs,v5[12(nw2ns)

2/(nw1ns)
2], for window and

sample refractive indicesnw and ns at frequencyv, and
S5L or V. Fifth, the local fields at the sample molecules and
the density of the sample molecules change. The Lorentz
local field factor for sampleS at frequency v is
LS,v5(nS,v

2 12)/3. The vapor density is set by the saturated
vapor pressure of the sample at the temperature of the sample
cell. Provided the laser focusing lens and the light collection
lens are repositioned according to Eqs.~12! and ~13!, the
relation between the HRS signals from the liquid and vapor
is given by

SL
SV

5
nL,v
nV,v

nV,2v
2

nL,2v
2

TL,v
2 TL,2v

TV,v
2 TV,2v

LL,v
4
LL,2v

2

LV,v
4
LV,2v

2

rL
rV

bL
2

bV
2 , ~14!

where the factors account for effective scattering source
length, collection solid angle, reflection losses, local fields,
sample density, and molecular hyperpolarizability, in that or-
der. The same expression applies when comparing two dif-
ferent liquid samples. The change in signal when measuring
the same chromophore in different solvents can be quite sig-
nificant. For example, ignoring possible changes in the mo-
lecular hyperpolarizabilities, a 2.873 increase in the HRS
signal is predicted by Eq.~14! when changing the solvent
from ethanol to chloroform.

To test the experimental procedure, measurements were
made of the ratio of scattered intensities for several Raman
bands in CCl4 liquid and vapor using a cw argon-ion laser at
l5488.0 and 514.5 nm. The signal from the vapor is strong
enough that the predicted focal shifts can be directly mea-
sured and verified. For Raman scattering the signal is linear
in the laser beam intensity, so the relation analogous to Eq.
~14! is

FIG. 4. Schematic diagram showing the configuration of the sample cell~1
cm cuvette!, the focused incident beam, and the collection optics for the
second-harmonic scattered light. The incident laser beam passes through the
cell at distanced'1–2 mm from the cell wall, with the focal point approxi-
mately in the center of the cell,D'5 mm. The positionS of the camera lens
is optimized with the monochromator slits closed to'100 mm ~spectral
width '1 cm21!. When the sample is changed, the focusing and collection
lenses are moved by the distances given by Eqs.~12! and ~13! to maintain
the same optical path lengths and collection geometry.
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SL
SV

5
nV
2

nL
2

TL
2

TV
2

LL
4

LV
4

rL
rV

aL
2

aV
2 . ~15!

In Eq. ~15!, the distinction between incident and scattered
frequency has been ignored. The Raman ratio measurements
are not sensitive to small changes in laser beam spot size, but
they do provide an effective test of the collection geometry.
The measured ratios (aL/aV)

2 for then1, n2, andn4 Raman
bands of CCl4 ~at Dn5459, 214, and 314 cm21! are 0.90,
0.72, and 0.79, to be compared with the previously deter-
mined values 0.87, 0.78, and 0.77 at 514.5 nm.23,24 The
agreement is satisfactory, and is consistent with an accuracy
better than 5% for Raman or HRS liquid/vapor intensity ratio
determinations with this apparatus. The measurement proce-
dure is straightforward. The focusing and alignment is done
with the laser beam passing through the liquid sample. The
liquid signal is measured and then the sample cell is lowered
so the beam passes through the vapor, the lenses are moved
the calculated distances, and the vapor signal is measured.
One may easily return to the liquid measurement configura-
tion to check for drifts which may have occurred during the
much longer vapor signal measurement.

IV. RESULTS AND DISCUSSION

Table II collects the results obtained for liquids mea-
sured using the apparatus described in this work. The mea-
sured polarization ratios and linewidths are in reasonable
agreement with the results of Maker for the case of previ-
ously investigated molecules.20 The relative intensity ratios
in Table II have been corrected for the effects of thermal
lensing by extrapolation to zero power as indicated for the
case of acetonitrile in Fig. 5. The measured relative intensi-
ties are believed to be the only reported measurements of
pure solvents done in direct comparison with each other and
fused silica since the original work of Terhuneet al. in
1965.25 These ratios should resolve some problems with
present HRS intensity comparisons. For example, current re-
ported HRS intensity ratios for chloroform relative to carbon

tetrachloride vary over nearly a factor of 3, from 0.47 to
1.36.2,6 This is a problem since chloroform is widely used as
a solvent and internal standard in HRS measurements. A pos-
sible source for such widely variable results in even this
simple comparison of similar molecules may be two-photon
fluorescence of the amylene inhibitor sometimes added to
chloroform, since broadband fluorescence is only partially
rejected by the interference filter in the usual apparatus. In
other comparisons, the differences in the HRS polarization
ratios for molecules of different symmetry may be important.
In a typical application of the internal reference method,
measurements for a series of solutions of a chromophore in a
particular solvent are extrapolated to infinite dilution in order
to determine the relative HRS intensities for the solvent and
chromophore molecules. In the case where the symmetry of
the chromophore and solvent molecules are different, and the
measurements are done without the benefit of polarization
analysis, the measured intensity ratios may be subject to

TABLE II. Measurements of the polarizations ratios, integrated intensities, and Lorentzian bandwidths of the
HRS spectra for several liquids at 22 °C.

Liquid I VV
2v /I VH

2v a I VV
2v /I HV

2v b I VV
2vc 2n1 ~cm21!d

Fused silica 1.5660.05 0.07260.003 ,0.2e

Carbon tetrachloride 1.8160.05 1.5460.05 1.0 9.2
Acetonitrile 10.260.3 1.760.1 4.2
Chloroform 3.160.2 0.7060.05 4.8
Nitromethane 4.460.2 0.4260.03 5.1
Pyridine 4.360.2 1.660.2 2.6
Chlorobenzene 4.360.2 1.360.1 2.4
Nitrobenzene 10.460.2 9565 1.3
1,3,5 Trifluorobenzene 1.5460.05 1.5060.05 1.260.1 8.8

aPolarization ratios measured atDn50 with a spectral slit width of 1.2 cm21, corrected for finite collection
angle.
bPolarization ratios calculated from the integrated Lorentzian contribution to the total HRS signal corrected for
finite collection angle.
cTotal integrated HRS signal relative to carbon tetrachloride.
dFull width at half maximum~FWHM!. Fits were made to the liquid spectra without deconvolving the 1.2 cm21

FWHM instrumental profile.
eWidth obtained with 0.5 cm21 spectral slit width and deconvolution. The spectrum approximates a delta
function.

FIG. 5. Power dependence of the HRSI VV
2v signal from acetonitrile in com-

parison with the corresponding intensity from CCl4. The laser was operating
at a repetition rate of 3 kHz with pulse widths of'150 ns and pulse energies
of '0.1–1.0 mJ. Due to absorption at 1064 nm by a C–H vibrational over-
tone, the beam is defocused at higher intensities. Carbon tetrachloride shows
no evidence of thermal lensing in separate measurements using fused silica
as a reference. The intensity ratio given in Table II is the zero power limit of
the measured ratio.
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large errors. Finally, when comparing HRSb values, it
should be remembered that they have ultimately been cali-
brated making use of hyperpolarizability values taken from
other nonlinear optical measurements, which may introduce
other sources of systematic errors because of the use of dif-
ferent reference standards and techniques.26,27

With this apparatus it is straightforward to obtain suffi-
cient data for a complete polarization analysis by measuring
the polarization ratiosI VV

2v /I cV
2v and/orI cV

2v /I cH
2v for several set-

tings of the compensator retardationG52c, as shown in Fig.
6 for carbon tetrachloride. In the case of CCl4, with its single
independent componentbxyz, Eq. ~6! predicts the polariza-
tion ratios as functions ofc with no adjustable parameters.
Figure 6 shows that the data points obtained using only the
Lorentzian contribution to the spectrum are in good agree-
ment with the calculated polarization ratios, whereas the
points obtained using the entire spectrum do not agree at all.
This is because intermolecular interactions account for 60%
of the I VV

2v HRS scattering from carbon tetrachloride, and
only the Lorentzian component corresponds to the intrinsic

molecular hyperpolarizability.9 This emphasizes the need for
spectral analysis in conjunction with polarization studies in
order to obtain meaningful results from HRS measurements.

The present apparatus also has excellent utility in Raman
scattering measurements. As shown by our measurements on
the relative scattering intensity from various Raman bands of
CCl4 in the liquid and vapor phase, this setup is capable of
accuracy as good or better than that of other experimental
arrangements discussed in the literature.
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FIG. 6. Polarization ratios for carbon tetrachloride at 22 °C with irradiation
at 1064 nm. The open points indicate the ratios obtained from the integrated
total intensities and the filled points indicate values obtained from just the
integrated Lorentzian contributions to the HRS signal. The measurements
have been corrected for finite collection angle using Eqs.~6!, ~9!, and~10!.
The solid line (I VV

2v /I cV
2v) and the broken line (I cV

2v /I cH
2v ) are calculated from

Eqs.~6a! and~6b!. The filled points follow the expected polarization depen-
dence for a tetrahedral molecule, but the open points do not. This shows that
the Lorentzian term in the spectrum correctly measures the intrinsic molecu-
lar scattering frombxyz of carbon tetrachloride. In contrast, the integrated
total intensity also includes large contributions due to intermolecular colli-
sions.
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