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A novel third-order polarization effect due to an accumulated optical heterodyne detected (OHD) transient
acoustic grating response in near critical fluids was observed and experimentally characterized. Femtosecond
pump-probe responses in near critical CO2 and CHF3 illustrate this phenomenon. This large optically generated
acoustic response due to electrostrictive coupling appears only when pump and probe pulses are temporally
overlapped and isπ out-of-phase with the normal optical Kerr effect (OKE) birefringent signal. The local
oscillator, the laser intensity, and the modeled experimental repetition rate dependence identify the accumulated
heterodyne origin of these responses. The observed OHD accumulated acoustic birefringent signal is inversely
dependent on sound velocity to the fifth power. A corresponding sound velocity dependent dichroic (in-
phase) response was also observed for these electronically nonresonant samples. The accumulated effect
described here may have applications for the design of efficient modulators and as a simple and sensitive
experimental technique for the measurement of near critical fluid thermodynamic and acoustic parameters.

Introduction

The ability of optical pulses to write and read transient
acoustic gratings has been exploited over the past 30 years to
learn about sound propagation and attenuation, material struc-
tural characterization, weak absorptions, and thermal diffusion
in solids, liquids, and gases.1-7 In one well-studied experimental
arrangement for the observation of optically excited acoustic
responses, two optical pulses from the same laser source at a
carrier wavelengthλexc intersect at an angleθ with respect to
each other and temporally and spatially overlap in a sample.
The simultaneous spatial overlap of the electric fields of the
two laser beams creates an intensity interference pattern in the
material, producing a fringe spacing,Λ, given by

This periodic spatial intensity pattern results in counter
propagating acoustic standing waves due to density changes
arising from rapid thermal expansion or electrostriction forces
depending on whether the sample is absorbing or transparent
at λexc, respectively. For the typical experimental parameters
employed in this study (λexc ) ∼800 nm andθ ) 8°), Λ
corresponds to an angular acoustic frequency (ω) of ∼200 MHz.
A time delayed probe pulse incident on the grating, at some
different angle and often at some new color, is reflected into a
detector at an angle that satisfies the Bragg reflection condition.
When the delay between the probe and the pair of excitation or
pump pulses is scanned, the time dependence of the generally
underdamped acoustic response, or more properly the square
of this quantity, is observed.2-4 This transient grating interaction
can be described in a third-order nonlinear polarization,P(3)(t),
framework, and the resulting signal in this typical experimental
configuration is thus a homodyne response,|P(3)(t)|.2 When a
sufficiently intense additional local oscillator field (|ELO| .

|P(3)|) is temporally and spatially overlapped with theP(3)(t)
derived signal field, the optically excited acoustic response can
also be heterodyne detected.8 Longitudinal acoustic waves can
also be optically generated by strain waves resulting from rapid
heating in thin films.9 Here, we report a new manifestation of
optically generated acoustic responses that are only clearly
evident in a special class of fluids: near supercritical fluids
(SCFs). The purpose of this paper is to provide a detailed
experimental characterization of this novel nonlinear effect in
near SCFs that identifies the origin of these signals, contrasts
their observation in normal liquids, and indicates potential
applications for this phenomenon. The samples of study here
are near critical CO2 and CHF3 fluids. Both CO2 and CHF3
have experimentally convenient critical state points (see Table
1): PC ) 72.8 atm andTC ) 31.1 °C for CO2 andPC ) 47.7
atm andTC ) 25.6 °C for CHF3.

During recent studies of the decays of the H2 rotational Raman
resonances in near supercritical (SC) CO2, which act as a probe
of the anisotropic fluctuation dynamics in this solvent,10 we
observed an anomalous feature in the ultrafast optical heterodyne
detected (OHD) optical Kerr effect (OKE) responses of H2/
CO2 near critical solutions. In this standard OHD-OKE two-
beam experimental configuration,11 a large autocorrelation-
shaped feature centered at thet ) 0 pump-probe temporal
overlap region appeared in these OHD-OKE responses of SC
H2/CO2 mixture fluids. This feature was strongly density
dependent, increasing in strength as the critical point was
approached and wasπ out-of-phase with the normal nonresonant
electronic and Raman nuclear responses of the H2/CO2 mixture,
which remained virtually unchanged over the same temperature
region. This effect is illustrated in Figure 1 for a 25% (mol
fraction) mixture of H2 in SC CO2 obtained with the 76 MHz
22 fs output of a Ti:sapphire oscillator in the standard two-
beam OHD configuration.11 The critical temperature for this
H2 solution (CO2 density) 0.8 FC) is reduced by∼10 to∼21
°C from the neat CO2 TC. Such density dependent features in
the region of the nonresonant electronic response were not* Corresponding author. E-mail: lziegler@bu.edu.
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observed in a previous OHD ultrafast study of the birefringent
responses of CO2 at virtually identical near critical state points
using 50 fs pulses at∼600 nm from an regeneratively amplified
Ti:sapphire laser system operating at 100 kHz.12 As will be
shown below the novel time dependent feature observed in the
ultrafast OHD responses of the near SCFs studied is due to
accumulated, optical heterodyne detected acoustic transient
gratings and its prominent appearance in the samples of interest
here is attributable to the unique properties of fluids near the
SC region as compared to normal liquids.

Probably the key material property responsible for the
appearance of the acoustic responses reported here is the
isothermal compressibility as it relates to the speed of sound,
VS, in these fluids. The thermodynamics based expression for
the sound velocity in a fluid at temperatureT, VS (low-frequency
limit) is13

whereV is the molar volume,M the molar mass, andCV the
constant volume molar heat capacity. At the critical point,CP

f ∞ (γ ≡ CP/CV f ∞), and the inverse compressibility,V(∂P/
∂V)T, vanishes. Thus, the sound velocity is a minimum at the
critical point. The temperature dependentVS values for CO2 and
CHF3 in the critical point region given by equations of state
are plotted in Figure 214 and illustrate the effects of this
singularity. Corresponding experimental sound velocities for the
normal liquids CHCl3 and CH3CH2OH,15 also shown in Figure
2, are about an order of magnitude faster than that of the critical
fluids. This VS minimum at the critical point is well-known

experimentally and has been observed in SC CO2 and CHF3
acoustic studies.5,16-18

In addition to VS, another important parameter affecting
acoustic grating based optical responses is the acoustic attenu-
ation rate in a given material. Sound attenuation (acoustic energy
loss) in molecular fluids can be attributed to the effects of shear
viscosity, thermal conductivity, and translation to rotation and
vibration energy transfer.19 The sound absorption coefficient,
R (Np m-1), can be defined in terms of the sound velocity by

whereτa
-1 is the damping rate constant for the acoustic wave

(i.e., the acoustic amplitude is proportional to exp(-t/τa)). The
sound absorption coefficient normalized by the square of the
acoustic frequency,R/ν2, is a constant for many fluids and
generally is the experimentally reported quantity in sound
absorption measurements.18,20 In particular, this quantity has
been shown to be a constant for SC CHF3 in the frequency range
of interest here (ω ) 2πν ) ∼200 MHz).5 Very near the critical
point (TC ( 0.5 K), R/ν2 dramatically increases16,18 due to the
γ (CP/CV) weighted thermal conductivity contribution to the
acoustic absorption as found in the classical Stokes-Kirchhoff
attenuation expression.18

Finally, in anticipation of the phenomenon reported here, we
note that accumulated nonlinear responses, due to the buildup
of optically pumped steady state transient populations, have been
observed in a number of experimental studies employing high
repetition rate laser excitation.21-25 AccumulatedP(3) based
responses have been reported in the observation of photon echo
signals generated in solid state materials where the buildup of
accumulated population gratings occurs due to a bottleneck state
whose lifetime is greater than the time between successive
excitation pulses. The resulting accumulated photon echo signal
is necessarily an optical heterodyne detected response. Of greater
relevance to the signals reported here, a thermally generated
accumulated phase grating generated a symmetric autocorrela-
tion-shaped response in the pump-probe response of a rapidly
flowing resonant dye solution. The phase shift allowing this
optical response to be observed in the inherently dichroic
heterodyne experimental configuration employing a high reple-
tion rate (83 MHz) laser system was attributed to the sample
motion during the slow thermal relaxation time.25 The magnitude
and sign of those dichroic signals based on the real part of the
sample’sP(3) response could be controlled by adjusting the flow
direction of the sample jet relative to the gratingq vector. The
SCF signals described here exhibit features that are analogous
to these thermally generated phase grating responses.

Experimental Procedures

Sample Preparation. OHD-OKE/pump-probe measure-
ments were performed on fluid samples contained in a stainless
steel optical cell, between a pair of 6.3 mm thick fused silica

TABLE 1: Sound Velocity and Attenuation for CO 2, CHF3, and CHCl3 at Various State Points

substance phase density (F/FC) temp (K) sound velocity (m/s)a sound attenuationR/ν2 (s2 m-1)

CHF3 SC 1.2 306 146 ∼4 × 10-11(ref 5)
TC ) 299.3 K andPC ) 47.7 atm liquid 1.5 294 183
FC ) 7.52 M
CO2 SC 0.8 308 185 ∼10-10(ref 17)
TC ) 304.1 K andPC ) 72.8 atm liquid 1.7 293 350
FC ) 10.6 M
CHCl3 liquid 2.99 295 995 8.8× 10-13(ref 4)
TC ) 537 K andPC ) 52.6 atm

a CHF3 and CO2 sound velocities from ref 14, and CHCl3 sound velocity from ref 33.

Figure 1. Birefringent responses of a mixture of 25% H2 in CO2, F*
) 0.8 as a function of temperature in the vicinity of the critical point.
TC = 293 K for this mixture.
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windows spaced 5.5 mm apart. High-pressure seals were
provided by PTFE O-rings to reduce potential contamination
associated with SC extraction. An electrical rope heater (FGR,
Omega Engineering, Inc.) was judiciously wrapped around the
optical cell to minimize temperature gradients. The cell tem-
perature was monitored with surface-mounted thermocouples
and regulated with a PID controller (CN77323, Omega Engi-
neering, Inc.) to within(0.1 K. High-pressure fluids (CHF3
99.95%, CO2 99.996%, Linde Gas U.S.A. LLC) were com-
pressed into the optical cell with a pressure generator (HiP 87-
6-5). The cell pressure was measured with a thin-film transducer
(PX 602, Omega Engineering, Inc.) with a precision of(1 psi.

To prepare the SC samples, both the optical cell and the high-
pressure generator were heated to 15 K above the critical
temperature, so that no phase separation occurred during the
isothermal compression. After the desired amount of fluid was
delivered into the optical cell, it was disconnected from the
pressure generator and gradually cooled down to the desired
temperature. The fluid samples were then allowed to equilibrate
before any spectroscopic measurements were taken.

Laser Configuration. Ultrafast responses were obtained in
a two-beam pump-probe setup or a standard two-beam optical
heterodyne detected OKE configuration.11,12As is usual in this
OKE configuration, anisotropic dichroic signals (in-phase,φLO

) 0) were obtained by rotating an analyzing polarizer between
the sample and the detector, and birefringent (π/2 out-of-phase,
φLO ) π/2) signals resulted when the polarizer in front of a
quarter wave plate in the probe arm was rotated. Ti:sapphire
oscillator pulses at 76 MHz and a variety of pulse widths in
the range of 20-45 fs were used to observe the accumulated
signals reported here. Typically, 1.5 nj pulses at∼800 nm were
focused to a∼50 µm spot by a 15 cm lens. Pump and probe
beam intensities were nearly equal and crossed at angles in the
range of 4 to 8° in the sample. The pump was chopped at 1.4
kHz. For double chopping experiments, the pump and probe
beams were modulated at 1.4 and 1.0 kHz, respectively. A
Conoptics (model 25D) pulse picker was used to make OHD
and pump-probe measurements at pulse repletion rates below
76 MHz from our Ti:sapphire oscillator. At the near critical
state points examined here, spurious scattered incident pump

light from the SCF did not interfere with the observation of
these OHD signals.

Results and Discussion

Phenomenological Overview.As discussed previously, a
prominent feature was observed in the two-beam, one-color
OHD pump-probe birefringent responses of CO2 and CHF3
near the critical point excited and probed by the∼25 fs pulse
output of a Ti:sapphire oscillator (∼795 nm) operating at 76
MHz only when the two pulses were temporally overlapped.
As seen in Figure 1, this density dependent contribution had
the time dependence of the intensity autocorrelation function
and wasπ out-of-phase with the standard nonresonant electronic
and Raman coupled nuclear responses. The phase (sign) of this
feature was controlled by the relative phase (sign) of the local
oscillator (LO) field in this birefringent OHD-OKE configu-
ration.11 No other significant changes were observed outside of
the region where the pump and probe pulse temporally
overlapped (see Figure 1) as the SC CO2/H2 solution was cooled
from 313 to 296 K toward the solution critical point at∼294 K
for this CO2 density (F* ) F/FC ) 0.8).

Neat CO2 and CHF3 fluids are electronically nonresonant (i.e.,
transparent) at the incident Ti:sapphire optical frequency (∼800
nm) both in a one- and in a two-photon absorption sense.
However, this anomalous, autocorrelation-shaped signal was also
observed for these samples in a dichroic pump-probe experi-
mental configuration. Transparent materials (i.e., optically
nonresonant samples) exhibit only an asymmetric response due
to a so-called coherence coupling term, arising from the linear
chirp of the incident pulses in such nondispersed pump-probe
responses.25-27 The anomalous autocorrelation-shaped signal
contribution was clearly evident in solutions of SC CO2 with
20-25 mol % H2 (Figure 1), as well as in neat SC CO2, and
liquid and SC CHF3 at state points in the region of the critical
regime. When neat SC CO2 was cooled to just below the critical
point, the resulting vapor and liquid phases no longer exhibited
this anomalous feature. Only the normal instantaneous non-
resonant electronic and Raman active nuclear responses were
observed in these OHD responses. The behavior in CHF3 was
somewhat different. This anomalous autocorrelation-shaped
feature was strong in the SCF and, in contrast to CO2, was also
clearly evident in the liquid CHF3 formed just below the critical
point. We note that normal liquids (e.g., chloroform) in the
identical femtosecond OHD-OKE experimental setup showed
no evidence of this additional signal contribution. This novel
nonresonant response can be understood in terms of the acoustic
properties of these near critical fluids as discussed next.

Characterization of the Anomalous Signal. OHD P(3)

Signal.The pump and probe pulse intensity dependence of the
anomalous, autocorrelation-like feature is demonstrated in
Figure 3. Log-log plots of thet ) 0 signal intensity of liquid
phase CHF3 (T ) 294 K andF* ) 1.51) in a two-beam pump-
probe (dichroic) configuration as a function of the pump and
pulse beam intensities are displayed in Figure 3. The resulting
slopes of a linear best fitting procedure, 1.007( 0.012 and 1.038
( 0.009 for the pump and probe dependent signals, respectively,
establish that this nonlinear signal is linearly proportional to a
third-order polarization (P(3)) effect. In addition, this experi-
mental configuration readily allows for the relative polarization
dependence of the observed signal to be observed viaλ/2 wave
plate rotation. The observed in-phase response was largest for
the parallel orientation of the pump and probe beam polariza-
tions.

The optical heterodyne detected nature of these signals is
demonstrated by the responses shown in Figure 4. The bire-

Figure 2. Semilog plot of the temperature dependence of the speed
of sound14 in the vicinity of the critical points of CO2 and CHF3 (at the
critical density,F* ) 1). The speed of sound in normal liquids CHCl3

and CH3CH2OH in this temperature range15 is shown for comparison
as well. The dashed lines correspond to the SC fluid phase.
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fringent (φLO ) π/2) and dichroic (φLO ) 0) signals of SC CHF3
(T ) 305.5 K andF* ) 1.20) in the standard OHD-OKE
configuration11,12 are displayed in Figure 4b. As seen in this
figure, the sign of both the birefringent and the dichroic CHF3

signals flips as the local oscillator phase is shifted byπ, keeping
the LO field magnitude constant. The responses in thet >

75 fs region in Figure 4b have been amplified by a factor of 50
(and the dichroic signals offset by-0.14 au) to more clearly
show the relatively weak nuclear responses in these CHF3 OHD
birefringent signals and the absence of the nuclear responses in
the corresponding OHD dichroic signal. Since no nuclear
contributions are evident in the OHD dichroic response, the large
autocorrelation-like feature att ) 0 cannot be attributed to
leakage from the birefringent response. At this state point (T )
305.5 K andF* ) 1.20), the CHF3 dichroic response is about
one-third that of the birefringent response in this transparent
sample. Furthermore, dichroic pump-probe responses due to
linearly (odd order) chirped ultrafast pulses exhibit an asym-
metric dispersive-like response centered att ) 0 in nonabsorbing
materials.26,28The incident∼800 nm oscillator pulses used for
these displayed measurements have a∼1.4× transform limited
pulse width (22 fs) and thus have sufficient phase modulation
to result in such a dichroic feature in a pump-probe configu-
ration that must be completely dwarfed by these large dichroic
CHF3 responses (Figure 4a,b). Thus, the intensity dependence
and LO field phase dependence unequivocally establish that the
large anomalous signals are optical heterodyned detected
complex third-order polarization responses generated by these
near critical fluids. This electronically nonresonant system
generates real and imaginaryP(3) amplitude components in these
near critical point fluids. Finally, as noted previously, the
anomaloust ) 0 signal shown in Figure 4b is clearlyπ out-
of-phase with the usual impulsively excited birefringent CHF3

Raman nuclear and nonresonant instantaneous electronic re-
sponses that must arise from the inherent response functions
for these processes given the phase matching constraints of the
current two-beam experimental setup.

Figure 3. Log of the autocorrelation-like dichroic response of liquid
phase CHF3 (T ) 294 K) as a function of the log of the pump and
probe pulse intensity. Linear best fits to the observed intensity
dependence are also shown in this figure and result in slopes of 1.007
( 0.012 and 1.038( 0.0009 for the pump and probe intensity
dependence, respectively.

Figure 4. (a) Simultaneous dichroic signals of SC CHF3 (F* ) 1.20, T ) 305.5 K) in pump and probe directions. (b) Local oscillator (LO)
dependence of the birefringent and dichroic responses of SC CHF3. The nuclear response region after 75 fs has been amplified by 50× to demonstrate
the magnitude of the accumulated OHD signal and to show that the dichroic response does not result from experimental leakage of the birefringent
signal. The amplified (50×) t > 75 fs dichroic has been displaced down 0.14 units for viewing purposes. The+ (-) LO is indicated by solid
(dashed) lines showing how the accumulated acoustic response isπ out-of-phase with the CHF3 birefringent Raman nuclear response.
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An additional characterization of thet ) 0 dichroic signal is
illustrated in Figure 4a. When the pump and probe beams are
double chopped, lock-in detection at the sum frequency allows
the energy changes in the transmitted pump and probe beams
to be simultaneously measured. The pump and probe beams
exhibit equal but opposite signed energy changes (bleach/
absorption) in the dichroic responses of SC CHF3 (F* ) 1.20
andT ) 305.5 K) (Figure 4a). Such zero net energy gain is to
be anticipated for a totally nonresonant (electronic and nuclear)
response.

Pulse Repetition Rate Dependence.In one attempt to identify
the nature of these OHDP(3) signals, we measured the OHD-
OKE responses of near critical CO2 and CHF3 excited by laser
pulses at∼800 or ∼600 nm resulting from a regeneratively
amplified laser system operating at 250 kHz. The OHD
responses of near critical CO2 and CHF3 obtained with these
excitation sources exhibited a normal type of birefringent
(instantaneous nonresonant electronic and Raman nuclear) and
dichroic (weak dispersive-shaped) responses in agreement with
our previous OHD-OKE studies of near critical CO2.12

Comparison of signals obtained with these different laser sources
established that this anomaloust ) 0 feature was not due to
beam characteristics such as excitation wavelength, pulse energy,
pulse bandwidth, beam mode structure, or experimental artifacts
(e.g., lenses, laser scatter, and sample cell). However, the pulse
period was one remaining difference between these two excita-
tion sources: 76 MHz (13.2 ns period) versus 250 kHz (4000
ns period).

The origin of this novel OHDP(3) effect in near SC fluids
was unequivocally revealed when a pulse picker was used to
systematically reduce the repetition rate of the incident pump
and probe pulses from 76 MHz (T ) 13.2 ns) to 2.4 MHz (T )
421 ns). The laser repetition rate dependence of the birefringent
response of liquid fluoroform (T ) 294 K andF* ) 1.51) is
shown in Figure 5a. These signals have been normalized for

average incident power effects due to the repetition rate
reduction, and thus, the nucleart > 0 Raman responses are all
coincident as expected. In contrast, the magnitude of thet ) 0
autocorrelation-like feature is strongly dependent on the laser
repetition rate in this frequency range. This contribution to the
OHD birefringent response dramatically decreases in magnitude
as the period between pulses is varied from tens to hundreds of
nanoseconds in this near critical CHF3 sample. This repetition
rate dependence in the 76 to 2.375 MHz range is more clearly
evident in Figure 5b where the normal electronic and nuclear
response has been removed from the average power corrected
observed birefingent signals displayed in Figure 5a. As the
interpulse delay (T) is increased from 13.2 to 421 ns, the signal
monotonically but nonlinearly decreases withT and is virtually
undetectable for delays on the order of 0.5µs and longer at
this state point in CHF3. Thus, the observed OHD signal in these
SC fluids is an accumulated signal whose observation is
dependent on a relaxation phenomenon that must fall in the time
scale of hundreds of nanoseconds and hence was not observed
with 250 kHz laser pulses of the regenerative amplified system
whereT ) 4 µs. As mentioned previously, heterodyne detected
accumulated photon echo signals were readily observed when
the excitation pulse cycle is short as compared to a bottleneck
population decay time effectively amplifying theP(3) response
at least for solid state materials.21-23

SCFs and OHD Accumulated Acoustic Gratings.Phase
Matching Considerations.In most previous reports of optically
generated longitudinal acoustic gratings,2-7,29,30 the time de-
pendence of the acoustic standing wave with wavevectorq (|q|
) |kpu1 - kpu2|) produced by the intensity interference pattern
from two temporally and spatially co-incident pump pulses (kpu1

and kpu2) is measured by the reflection efficiency of a probe
laser incident in the sample overlap region (kpr) scattered at some
new angle as a function of delay time from the pair of pump
pulses. The radiated response field or reflection satisfies the

Figure 5. (a) Repetition rate dependence of the CHF3 liquid (F* ) 1.51,T ) 294 K) birefringent response normalized for incident number of
pulses. (b) Repetition rate dependent part of the birefringent response shown in panel a. The laser pulse repetition rate in MHz is shown in the
legend. (c) Experimental and fitted functional model form of the OHD accumulated signal intensity as a function of laser pulse period (inverse
repetition rate). The one fitting parameter, apart from an overall scaling factor fixed by the 39.5 ns point, is the sound decay time (τa), determined
by the best fit to be 127( 13 ns.
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Bragg condition in the previously darkkpu1 - kpu2 - kpr direction
and is thus a homodyne (|P(3)|2) generated response.

In contrast, the acoustic grating resulting in the signal reported
here can only be produced when the pump and probe pulses
are temporally overlapped, resulting in the acoustic response
with wavevector|q| ) |kpu - kpr|. Given the two-beam geometry
of this experimental configuration, this is the only combination
of incident fields that could result in an acoustic grating
response. This two-beam origin for the acoustic grating is
consistent with the observation that the acoustic grating based
signal is largest for parallel orientations of the pump and probe
electric vectors. Presumably, electrostriction is the dominant
mechanism for coupling the optical fields to the acoustic
response in these nonabsorbing fluids,31 as discussed previously.
Since the observed third-order signal polarization is heterodyn-
ing with the probe pulse when the signal is detected in the probe
direction, the third interaction must be due to a pump field by
phase matching constraints. Hence, the observed signal can only
be generated during the time the pump and probe pulses are
overlapped, and thus, the acoustic response has the temporal
profile of the intensity autocorrelation function. A time-resolved
acoustic response in this configuration would require two grating
excitation field interactions separated by the relevant time scale
to probe the acoustic response: here in the 10-100 ns regime.
However, during data acquisition, the signal at each time step
is averaged over a∼100 ms period typically, and thus, when
the acoustic response relaxation time is of the order of the pulse
period (T), there is a sufficient number of pulses to build up a
steady state grating population and observe an accumulated
acoustic response.

Sound Decay Rate Dependence.The integrated intensity of
the accumulated acoustic OHD birefringent signals of CHF3

shown in Figure 5a are plotted as a function of the interpulse
spacing (pulse period,T) in Figure 5c. If the acoustic grating
formed by the interference pattern of a pump and probe field
decays exponentially with time constant,τa, due to sound
absorption, then the amplitude of the accumulated OHD signal

due to pulses spaced by periodT and exponentially damped
should build up according to

When the functional form given by eq 4 is fit to these
repetition rate dependent experimental intensities, an excellent,
one parameter (aside from an overall scaling constant) fit is
obtained forτa ) 127( 13 ns as seen in Figure 5c. The decay
rate due to sound absorptionτa is given in terms of the sound
absorption coefficient,R, and the speed of sound,VS, by

The second equality follows from the sound propagation
relationΛν ) VS. As discussed previously, the quantityRν-2

is the constant noted for sound attenuation descriptions and has
been found, for example, to be a constant for near critical CHF3

in the high (ω > 150 MHz) angular frequency regime.5 If we
use values forRν-2 (4 × 10-13 s2 cm-1) and VS (183 m/s)
reported for fluoroform at similar densities and temperatures,5

then eq 5 yields a value ofτa ) 117( 20 ns for the experimental
conditions of this measurement (λ ) 792 nm,θ ) 8.3°, andΛ
) 5.16 µm). This sound decay time is in excellent agreement
with that determined by the fit to the pulse period dependence
of the OHD accumulated acoustic response (Figure 5c), 127(
13 ns. Furthermore, this acoustic relaxation time scale is nearly
an order of magnitude longer than the interpulse period of the
Ti:sapphire oscillator (13.2 ns) and is thus consistent with the
observation of an accumulated acoustic response in this SCF.

Sound Velocity Dependence.The very sensitive dependence
of the strength of this OHD accumulated acoustic signal on
sound velocity is illustrated in Figure 6. The birefringent
response of SC CHF3 (F* ) 1.13) as a function of temperature

Figure 6. (a) Birefringent response of SC CHF3 (F* ) 1.13) at isochoric conditions as a function of temperature over the range of 306 to 327 K.
(b) Sound velocity for these temperatures is indicated in the legend box. A plot of the ln of the birefringent signal magnitude as a function of the
ln of the sound velocity is best fit to a straight line with a slope of-4.9 ( 0.07.

S(T, τa) ∝ ∑
n)1

∞

e-nT/τa)
e-T/τa

1 - e-Τ/τa

(4)

τa ) 1
RVS

) Λ2

(Rν-2)VS
3

(5)
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in the range of 306-327 K in shown in Figure 6a. Over this
modest 6% temperature range, the observed birefringent acoustic
signal intensity changes by more than a factor of 3. A log-log
plot of the CHF3 accumulated OHD birefringent peak signal
intensity as a function of the sound velocity at each correspond-
ing temperature14 is given in Figure 6b. As seen in Figure 6b,
an excellent best-fit linear dependence is found in this log-log
plot, yielding a slope of-4.9 ( 0.07. Thus, empirically, we
find that this accumulated OHD birefringent (φLO ) π/2)
acoustic signal is inversely proportional to the speed of sound
to the fifth power (VS

-5).
The VS

-5 power dependence for these accumulated signals
can be rationalized in terms of the overall efficiency of the
electrostriction process and the sound velocity dependence of
the sound decay time. Following Boyd,31 the efficiency of
grating production owing to the change in density,∆F, created
by electrostrictive forces due to optical frequency fieldsE, is
given by

whereCS ) (∂F/∂F)/F is the compressibility evaluated at constant
entropy andγe ) F(∂ε/∂F) is the electrostriction constant. The
resulting nonlinear polarization is proportional to this change
in density.2,6 The constant entropy compressibility can be defined
in terms of the density and speed of sound:CS ) 1/(FVS

2).2,31

Thus, as the sound velocity decreases, the efficiency of
electrostriction driven acoustic grating generation increases
quadratically. The nonlinear index of refraction due to a time
averaged electric field resulting from the fringes of an interfer-
ence pattern produced by the superposition of coherent radiation
fields has also been shown to vary inversely proportionally to
the square of the sound velocity.32

Furthermore, for the accumulated OKE signals, the expected
amplification due to the pulse train period (T) being shorter than
the sound decay time (τa) is described by eq 4. When the
exponentials in this expression are expanded and evaluated for
τa > T, the following relationship is obtained whenτa is given
in terms ofVS (eq 5):

When this sound velocity dependence is combined with the
VS

-2 value due to compressibility scaling the electrostrictive
opto-acoustic coupling contribution (eq 6), a 1/VS

5 dependence
is obtained. For the data shown in Figure 6,τa ) 120 ns for
CHF3 atF* ) 1.13, which is about an order of magnitude longer
than the pulse period for 76 MHz pulses (T ) 13.2 ns), and
thus, expanding the exponentials (eq 7) is a reasonable ap-
proximation (5% error).

Complex P(3) Response.As discussed previously (see Figure
4b), both in-phase (dichroic) andπ/2 out-of-phase (birefringent)
OHD accumulated acoustic grating signals are observed in the
OKE configuration for these nominally transparent SCFs. The
birefringent signal is found to be larger than the corresponding
dichroic signal for the same LO oscillator strength at the state
points studied. However, the ratio of these OHD detected real
and imaginaryP(3) based components exhibits a systematic trend
with temperature. The ratios (by area) of the observed dichroic
to birefringent signals (Sdic/Sbir) of SC CHF3 (F* ) 1.2) are
plotted as a function of temperature and sound velocity in Figure
7. As seen in Figure 7, the magnitude of the accumulated
dichroic signal in SC CHF3 decreases relative to the corre-

sponding birefringent signal as the temperature is reduced in
the SC region toward the CHF3 critical temperature (TC ) 299.3
K). The sound velocity for this SC fluid is nearly linearly
dependent on temperature in this SC region and decreases by
∼25% as the temperature is reduced from 318 to 305 K.14

Within this albeit relatively limited temperature range and the
precision of these measurements, the relative magnitudes of
dichroic and birefringent intensities,Sdic/Sbir, exhibit a linear
dependence on the sound velocity.

Only a weak antisymmetrically shaped response, arising from
the phase modulation of the pulse envelope, would be anticipated
for these electronically nonresonant OHD dichroic responses
around the pulse overlap region.26-28 However, for these
accumulated OHD grating responses, we attribute the complex
character of the third-order polarization amplitude to the motion
of the acoustic standing wave on the time scale of the grating
population buildup. In the previous study of an accumulated
thermal grating response generated in an absorbing dye solu-
tion,25 the rapid flow of the solution caused the pure phase
gratings to acquire a complex character when the thermal
diffusion grating relaxation time was of the order of the time
interval between pulses. Hence, for a rapidly flowing solution,
the signal field acquired a time dependent phase factor given
by exp(iqV sin(θ)(t - t′)), where V sin(θ) is the velocity
component perpendicular to the grating direction and (t - t′) is
the time interval between successive pulse train interactions.25

This is just the usual spatial phase factor that results when two
idealized plane waves interact with a medium. For pump-probe
studies at short times, the translational (diffusive) motion of
such a flowing sample is generally too slow to affect the
observed nonaccumulated responses.

The standing sound wave produced in the interference region
of the pump-probe laser beams decays into two moving sound
waves traveling apart from each other at a rate that is
proportional to the sound velocity.1 Thus, in analogy to the
flowing thermal generated gratings stated previously, this
spatially dependent phase factor can be described by exp(iφ),
whereφ ∝ qVS(t - t′). The exact magnitude of this phase factor
is dependent on finite beam size effects.30,33 However, a
consequence of this sound velocity dependent phase is that the
ratio of the dichroic (in-phase) to birefringent (π/2 out-of-phase)
signal magnitudes (Sdic/Sbir) is predicted to be proportional to
tan φ, and for relatively small angles, tanφ ≈ φ. For the SC

∆F ) FCSγe

〈EE〉
8π

(6)

S(T, τa) ∝ e-T/τa

1 - ε
-Τ/τa

≈ τa

T
) Λ2

T(Rν-2)VS
3

(7)

Figure 7. Relative magnitude of the dichroic to birefringent response
of liquid CHF3 (F* ) 1.2) as a function of the speed of sound (VS).
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CHF3 data shown in Figure 7,Sdic/Sbir ) ∼0.4; thus,φ is ∼0.38
rad following the previous discussion, and tanφ ≈ φ is a good
approximation. The observedSdic/Sbir linear dependence on the
sound velocity in this regime exhibited in Figure 7 is consistent
with such aφ value. Thus, in contrast to the demonstrated
(Figure 6b)VS

-5 dependence of the OHD accumulated bire-
fringent responses of the near critical fluid, the corresponding
observed dichroic response is inversely proportional to the fourth
power of the sound velocity.

Conclusion

A new near critical point optical effect, most directly due to
the enhanced compressibility of fluids in this thermodynamic
region, is reported here. Large, accumulated, electrostrictively
coupled acoustic responses are readily observed in the OHD-
OKE two-beam configuration employing a high repetition rate
(76 MHz) laser in near critical CO2 and CHF3. By phase
matching constraints, this accumulatedP(3) response is only
observed when the pump and probe pulses are temporally
overlapped and hence has the appearance of a greatly enhanced
nonresonant electronic response at the incident colors used here.
This feature isπ out-of-phase with respect to the normal nuclear
and nonresonant electronic responses of transparent liquids and
appears in both the dichroic and the birefringent OHD responses.
This complex character is proportional to the sound velocity.
Experimental evidence is presented, which establishes the
accumulated, optical heterodyneP(3) nature of these signals.

The large magnitude of this accumulated response is probably
most fundamentally attributable to the singularity in the
compressibility of a fluid at the critical point, which results in
a minimum for the sound velocity (eq 2) and the relatively long
acoustic relaxation time (∼102 to 103 ns) as compared to the
pulse period time scale (13.2 ns). Remarkably, the observed
accumulated acoustic birefringent signal in SC CHF3 is found
to be inversely dependent on the sound velocity to the fifth
power and must significantly account for the apparent absence
of this signal in normal liquids. Despite the difference in sound
attenuation,R/ν2 (see Table 1), the estimated (eqs 6 and 7)
relative accumulated acoustic response of SC fluoroform (F*
) 1.2,T ) 307 K, andVS ) 146 m/s) is more than 300 times
larger than that of liquid chloroform near room temperature (F*
) 2.99,T ) 295 K, andVS ) 995 m/s), for example, arising
from the VS

-5 dependence. Hence, to the extent that these
acoustic parameters are typical of most normal liquids, this
accumulated signal probably does not contribute to the OKE
measurements of normal (non-critical) liquids reported in the
past 10-20 years obtained with typical Ti:sapphire oscillator
only systems. Furthermore, although this accumulated signal is
readily observed in SC and liquid CHF3, and SC CO2, as
discussed previously, the corresponding accumulated signal was
not evident in near critical liquid CO2. We attribute the apparent
absence of this signal in liquid CO2 to the high-order dependence
on the sound velocity. The fifth power of the relative sound
velocities of liquid CO2 (F* ) 1.7, T ) 293 K, andVS ) 350
m/s) and SC CO2 (F* ) 0.8, T ) 308 K, andVS ) 185 m/s)
alone accounts for a factor of 25 difference in relative signal
strength detected in the OHD birefringent configuration. As-
suming that the sound attenuation does not vary significantly
in this near critical region (except within∼1 K of the critical
point),18 such a reduced accumulated response would not be
evident as compared to the normal electronic and nuclear
birefringent response of liquid CO2. No evidence of these
anomalously strong autocorrelation-like features were reported
in a previous study of fluoroform OKE responses excited by

ultrafast, high repetition rate 25 fs Ti:sapphire oscillator pulses.34

However, in contrast to the detection employed here, a shaker
was used to rapidly acquire the entire response, and then multiple
traces were averaged, thus avoiding the population accumulation
and subsequent pulse readout.

While the data shown here serve to characterize the more
salient features of this novel optically generated acoustic
response, subsequent observations are planned to help develop
a more rigorous theoretical description of this phenomenon and
explore potential applications for this large system response.
The magnitude of these signals in near critical fluids suggests
that by taking advantage of their large compressibilities, these
materials may be used as highly efficient light modulators or
deflectors. Furthermore, given the relative ease of the required
experimental configuration (i.e., two-beam as compared to three-
beam transient grating configuration), and the observed fifth
power sound velocity dependence, quantitative analysis of this
optical phenomenon has the potential for being an additional
sensitive measure of acoustic properties and thermodynamic
state points of SCFs and near critical mixtures. Future studies
will contrast the more standard three beam homodyne transient
grating response in these SC fluids with the observed ac-
cumulated OHD responses, determine measures of the grating
efficiency, explore this phenomenon for other SCFs, and make
measurements of both dichroic and birefringent accumulated
OHD responses over a larger range of state points, including
closer to the critical point where the sound attenuation constant
(R/ν2) dramatically increases.16,18Such observations will allow
a more quantitative treatment of this accumulated acoustic
nonlinear optical effect and a useful test of equation of states
particularly for less well-characterized SC fluid mixtures.
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