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Optical Heterodyne Detected Accumulated Acoustic Grating Responses in Near
Supercritical Fluids
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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 £&hd CHFR illustrate this phenomenon. This large optically generated
acoustic response due to electrostrictive coupling appears only when pump and probe pulses are temporally
overlapped and ix 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 |P®)) is temporally and spatially overlapped with tR&)(t)
derived signal field, the optically excited acoustic response can

The ability of optical pulses to write and read transient also be heterodyne detectédongitudinal acoustic waves can
acoustic gratings has been exploited over the past 30 years to y 9

learn about sound propagation and attenuation, material struc-"jllso be optically generated by strain waves resulting from rapid

tural characterization, weak absorptions, and thermal diffusion gegggﬁ] n ;[ahr:grgltr:f chL:)rSét\i,Zer:eesp%r:\s?ers]etvr\:aTzr;geiﬁtlogleoe]:rl
in solids, liquids, and gasés? In one well-studied experimental P y 9 P y y

arrangement for the observation of optically excited acoustic evident in a special class of fluids: near supercritical fluids

responses, two optica pulses from the same laser source at L Ch B8 BERRCE B foE ARS8 RONEC B SERCH
carrier wavelengthleyc intersect at an anglé with respect to P

each other and temporally and spatially overlap in a sample. near SCFs that identifies the origin of these signals, contrasts

The simultaneous spatial overlap of the electric fields of the the|r. opservanon n normal liquids, and indicates potential
two laser beams creates an intensity interference pattern in theappllcatlons_ _for this phenomenon. The samples of study here
material, producing a fringe spacing, given by are near cr_ltlcal Coand CH.E f'“"?'?- Both CQ _and CHF

have experimentally convenient critical state points (see Table
y 1): Pc = 72.8 atm andlc = 31.1°C for CO, andPc = 47.7

A= ﬁ Q) atm andTc = 25.6°C for CHFs.
sin@/2) During recent studies of the decays of therbtational Raman

This periodic spatial intensity pattern results in counter resonances in near supercritical (SC)@hich act as a probe
propagating acoustic standing waves due to density changesf the anisotropic fluctuation dynamics in this solvéhtye
arising from rapid thermal expansion or electrostriction forces observed an anomalous feature in the ultrafast optical heterodyne
depending on whether the sample is absorbing or transparendetected (OHD) optical Kerr effect (OKE) responses of H
at dexo respectively. For the typical experimental parameters CO; near critical solutions. In this standard OHDKE two-
employed in this studylte = ~800 nm andd = 8°), A beam experimental configuratidh,a large autocorrelation-
corresponds to an angular acoustic frequengyof ~200 MHz. shaped feature centered at the= 0 pump-probe temporal
A time delayed probe pulse incident on the grating, at some overlap region appeared in these OHOKE responses of SC
different angle and often at some new color, is reflected into a H2/CO, mixture fluids. This feature was strongly density
detector at an angle that satisfies the Bragg reflection condition. dependent, increasing in strength as the critical point was
When the delay between the probe and the pair of excitation or approached and wasout-of-phase with the normal nonresonant
pump pulses is scanned, the time dependence of the generallyglectronic and Raman nuclear responses of $1€®, mixture,
underdamped acoustic response, or more properly the squaravhich remained virtually unchanged over the same temperature
of this quantity, is observet This transient grating interaction ~ region. This effect is illustrated in Figure 1 for a 25% (mol
can be described in a third-order nonlinear polarizatiRs#(t), fraction) mixture of H in SC CQ obtained with the 76 MHz
framework, and the resulting signal in this typical experimental 22 fs output of a Ti:sapphire oscillator in the standard two-
configuration is thus a homodyne respon$¥3(t)|.2 When a beam OHD configuratio&! The critical temperature for this
sufficiently intense additional local oscillator fieldE o| > H> solution (CQ density= 0.8 pc) is reduced by~10 to~21
°C from the neat C@Tc. Such density dependent features in
* Corresponding author. E-mail: Iziegler@bu.edu. the region of the nonresonant electronic response were not
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TABLE 1: Sound Velocity and Attenuation for CO,, CHF3, and CHCI; at Various State Points

substance phase densip/dc) temp (K) sound velocity (m/8)  sound attenuation/v? (> m™1)
CHR; SC 1.2 306 146 ~4 x 1071 (ref 5)
Tc = 299.3 K andPc = 47.7 atm liquid 1.5 294 183
pc=752M
COo, SC 0.8 308 185 ~10710(ref 17)
Tc=304.1 KandPc = 72.8 atm liquid 1.7 293 350
pc = 10.6 M
CHCl; liquid 2.99 295 995 8.8 10713(ref 4)

Tc =537 KandPc = 52.6 atm
aCHF; and CQ sound velocities from ref 14, and CHCGiound velocity from ref 33.

OHD birefringence H, in CO,, (25%, 22 fs pulse) experimentally and has been observed in SG @ad CHRF
\ , . acoustic studie316-18

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 transféf. The sound absorption coefficient,
o (Np m™Y), can be defined in terms of the sound velocity by

o= 1l0s (3)

Normalized Intensity

wherer, 1 is the damping rate constant for the acoustic wave
(i.e., the acoustic amplitude is proportional to exfit,)). The
sound absorption coefficient normalized by the square of the
acoustic frequencyg/v?, is a constant for many fluids and
0 200 400 600 800 1000 1200 general!y is the experimentally re_ported quantity _in sound
Fomtaseconds absorption measuremenfs’ In particular, this quantity has
Figure 1. Birefringent responses of a mixture of 25% i COy, p* been shown to be a constant for SC GlitFthe frequency range
= 0.8 as a function of temperature in the vicinity of the critical point. Of interest heredg = 27v = ~200 MHz)? Very near the critical
Tc = 293 K for this mixture. point (Tc & 0.5 K), a/v2 dramatically increasé%28 due to the
y (Cp/Cy) weighted thermal conductivity contribution to the
observed in a previous OHD ultrafast study of the birefringent acoustic absorption as found in the classical Stel&schhoff
responses of Coat virtually identical near critical state points  attenuation expressids.
using 50 fs pulses at600 nm from an regeneratively amplified Finally, in anticipation of the phenomenon reported here, we
Ti:sapphire laser system operating at 100 RHAs will be note that accumulated nonlinear responses, due to the buildup
shown below the novel time dependent feature observed in theof optically pumped steady state transient populations, have been
ultrafast OHD responses of the near SCFs studied is due tOObserved in a number of experimenta| studies emp|0ying h|gh
accumulated, optical heterodyne detected acoustic transientepetition rate laser excitatiG:2®> AccumulatedP® based
gratings and its prominent appearance in the samples of interestesponses have been reported in the observation of photon echo
here is attributable to the unique properties of fluids near the signals generated in solid state materials where the buildup of
SC region as compared to normal liquids. accumulated population gratings occurs due to a bottleneck state
Probably the key material property responsible for the whose lifetime is greater than the time between successive
appearance of the acoustic responses reported here is thexcitation pulses. The resulting accumulated photon echo signal
isothermal compressibility as it relates to the speed of sound, js necessarily an optical heterodyne detected response. Of greater
vs, in these fluids. The thermodynamics based expression for relevance to the signals reported here, a thermally generated
the sound velocity in a fluid at temperatufevs (low-frequency  accumulated phase grating generated a symmetric autocorrela-
limit) is?3 tion-shaped response in the purrobe response of a rapidly
12 2 rovying resonant dye solution. The_phase _shift aIIowing thi_s
P 1_& (0P/oV)+ @) optical response to be observed in the inherently dichroic
aT v T (aP/aT)V2 heterodyne experimental configuration employing a high reple-
tion rate (83 MHz) laser system was attributed to the sample
whereV is the molar volumeM the molar mass, an@y the motion during the slow thermal relaxation tirffeThe magnitude
constant volume molar heat capacity. At the critical poi, and S|g’n o;‘ those dichroic signals based on th(_e re_al part of the
— o (y = C/Cy — ), and the inverse compressibility(9P/ sqmpl_e PO response cquld be pontrolled by qdjustlng the flow
V)7, vanishes. Thus, the sound velocity is a minimum at the direction of the sample jet relative to the gratipgector. The
critical point. The temperature dependegtalues for CQ and
CHR; in the critical point region given by equations of state
are plotted in Figure 2 and illustrate the effects of this

SCF signals described here exhibit features that are analogous
to these thermally generated phase grating responses.

singularity. Corresponding experimental sound velocities for the

normal liquids CHG§ and CHCH,OH,!® also shown in Figure Sample Preparation. OHD—OKE/pump-probe measure-

2, are about an order of magnitude faster than that of the critical ments were performed on fluid samples contained in a stainless

fluids. This vs minimum at the critical point is well-known  steel optical cell, between a pair of 6.3 mm thick fused silica

T

MC,

vg=V|

Experimental Procedures
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Speed of Sound in Various Fluids light from the SCF did not interfere with the observation of
i T i T T ’ these OHD signals.

Results and Discussion

Phenomenological Overview.As discussed previously, a
prominent feature was observed in the two-beam, one-color

e OHD pump-probe birefringent responses of ¢@nd CHR
N e CHEGe P10 near the critical point excited and probed by th25 fs pulse
2 =Gty output of a Ti:sapphire oscillator{795 nm) operating at 76
3 m—CHEALOH 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 wasr 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 OHB OKE configu-

. . . . . . L . ration!! No other significant changes were observed outside of
TR ARG e mL s S the region where the pump and probe pulse temporally
Figure 2. Semilog plot of the temperature dependence of the speed overlapped (see Figure 1) as the S,CZGQ,SQIUUOn,WaS cooled
of sound* in the vicinity of the critical points of C@and CHF; (at the from 313 to 296 K toward the solution critical point-a294 K
critical density,o* = 1). The speed of sound in normal liquids CHCI  for this CQ, density p* = p/pc = 0.8).
and CHCH,OH in this temperature ranfes shown for comparison Neat CQ and CHF; fluids are electronically nonresonant (i.e.,
as well. The dashed lines correspond to the SC fluid phase. transparent) at the incident Ti:sapphire optical frequené300

nm) both in a one- and in a two-photon absorption sense.
windows spaced 5.5 mm apart. High-pressure seals wereHowever, this anomalous, autocorrelation-shaped signal was also
provided by PTFE O-rings to reduce potential contamination opserved for these samples in a dichroic purppbe experi-
associated with SC extraction. An electrical rope heater (FGR, mental configuration. Transparent materials (i.e., optically
Omega Engineering, Inc.) was judiciously wrapped around the nonresonant samples) exhibit only an asymmetric response due
optical cell to minimize temperature gradients. The cell tem- to a so-called coherence coupling term, arising from the linear
perature was monitored with surface-mounted thermocoupleschirp of the incident pulses in such nondispersed paprpbe
and regulated with a PID controller (CN77323, Omega Engi- response3>-27 The anomalous autocorrelation-shaped signal
neering, Inc.) to withint0.1 K. High-pressure fluids (CHF contribution was clearly evident in solutions of SC £@ith
99.95%, CQ 99.996%, Linde Gas U.S.A. LLC) were com- 20—25 mol % H (Figure 1), as well as in neat SC gGnd
pressed into the optical cell with a pressure generator (HiP 87-liquid and SC CHF at state points in the region of the critical
6-5). The cell pressure was measured with a thin-film transducer regime. When neat SC G@vas cooled to just below the critical
(PX 602, Omega Engineering, Inc.) with a precisiontdf psi. point, the resulting vapor and liquid phases no longer exhibited

To prepare the SC samples, both the optical cell and the high-this anomalous feature. Only the normal instantaneous non-
pressure generator were heated to 15 K above the critical'€Sonant electronic and Raman active nuclear responses were

temperature, so that no phase separation occurred during thé@Pserved in these OHD responses. The behavior infUk#s
isothermal compression. After the desired amount of fluid was SOmewhat different. This anomalous autocorrelation-shaped
delivered into the optical cell, it was disconnected from the feature was strong in the SCF and, in contrast to,0@s also

pressure generator and gradually cooled down to the desiredC!€@rly evidentin the liquid CHformed just below the critical

temperature. The fluid samples were then allowed to equilibrate point. We note that normal liquids (e_.g., chloroform) in the
before any spectroscopic measurements were taken. identical femtosecond OHBPOKE experimental setup showed

i . . . no evidence of this additional signal contribution. This novel
Laser Configuration. Ultrafast responses were obtamed_ N honresonant response can be understood in terms of the acoustic

a two-beam pumpprobe setup or a standard two-beam optical ,herties of these near critical fluids as discussed next.
heterodyne detected OKE configuratidri2 As is usual in this Characterization of the Anomalous Signal. OHD P®
OKE configuration, anisotropic dichroic signals (in-phage Signal.The pump and probe pulse intensity dependence of the
= 0) were obtained by rotating an analyzing polarizer between 5nomalous, autocorrelation-like feature is demonstrated in
the sample and the detector, and birefringer put-of-phase,  Figure 3. Log-log plots of thet = 0 signal intensity of liquid
¢Lo = 7/2) signals resulted when the polarizer in front of a phase CHE(T = 294 K andp* = 1.51) in a two-beam pump
quarter wave plate in the probe arm was rotated. Ti:sapphire prope (dichroic) configuration as a function of the pump and
oscillator pulses at 76 MHz and a variety of pulse widths in pylse beam intensities are displayed in Figure 3. The resulting
the range of 2645 fs were used to observe the accumulated sjopes of a linear best fitting procedure, 1.6809.012 and 1.038
signals reported here. Typically, 1.5 nj pulses-800 nm were 4 0.009 for the pump and probe dependent signals, respectively,
focused to a~50 um spot by a 15 cm lens. Pump and probe establish that this nonlinear signal is linearly proportional to a
beam intensities were nearly equal and crossed at angles in thehird-order polarization B®) effect. In addition, this experi-
range of 4 to 8 in the sample. The pump was chopped at 1.4 mental configuration readily allows for the relative polarization
kHz. For double chopping experiments, the pump and probe dependence of the observed signal to be observeil2iaave
beams were modulated at 1.4 and 1.0 kHz, respectively. A plate rotation. The observed in-phase response was largest for
Conoptics (model 25D) pulse picker was used to make OHD the parallel orientation of the pump and probe beam polariza-
and pump-probe measurements at pulse repletion rates below tions.
76 MHz from our Ti:sapphire oscillator. At the near critical The optical heterodyne detected nature of these signals is
state points examined here, spurious scattered incident pumpdemonstrated by the responses shown in Figure 4. The bire-

10
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Pump/Probe Intensity Dependence of SigDic in liquid CHFE, 294 K
2
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Figure 3. Log of the autocorrelation-like dichroic response of liquid
phase CHE (T = 294 K) as a function of the log of the pump and A 3
probe pulse intensity. Linear best fits to the observed intensity large anomalous signals are optical heterodyned detected

dependence are also shown in this figure and result in slopes of 1.007complex third-order polarization responses generated by these
+ 0.012 and 1.038t 0.0009 for the pump and probe intensity

dependence, respectively.

fringent Lo = 7/2) and dichroic ¢ o = 0) signals of SC CH{
(T = 305.5 K andp* = 1.20) in the standard OHBOKE

configuratioi12 are displayed in Figure 4b. As seen in this

figure, the sign of both the birefringent and the dichroic GHF

signals flips as the local oscillator phase is shiftedihiteeping
the LO field magnitude constant. The responses intthe

Peng and Ziegler

75 fs region in Figure 4b have been amplified by a factor of 50
(and the dichroic signals offset by0.14 au) to more clearly
show the relatively weak nuclear responses in these;CHID
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 @t= 0 cannot be attributed to
leakage from the birefringent response. At this state pdint (
305.5 K andp* = 1.20), the CHE dichroic response is about
one-third that of the birefringent response in this transparent
sample. Furthermore, dichroic pumprobe responses due to
linearly (odd order) chirped ultrafast pulses exhibit an asym-
metric dispersive-like response centeretlatO in nonabsorbing
materials?628 The incident~800 nm oscillator pulses used for
these displayed measurements havelad x transform limited
pulse width (22 fs) and thus have sufficient phase modulation
to result in such a dichroic feature in a purrobe configu-
ration that must be completely dwarfed by these large dichroic
CHF; responses (Figure 4a,b). Thus, the intensity dependence
and LO field phase dependence unequivocally establish that the

near critical fluids. This electronically nonresonant system
generates real and imagind?#) amplitude components in these
near critical point fluids. Finally, as noted previously, the
anomaloug = 0 signal shown in Figure 4b is clearly out-
of-phase with the usual impulsively excited birefringent GHF
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.

Supercritical CHF3, p*=1.20,T=3055K
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Figure 4. (a) Simultaneous dichroic signals of SC CHle* = 1.20, T = 305.5 K) in pump and probe directions. (b) Local oscillator (LO)
dependence of the birefringent and dichroic responses of SG.JHE nuclear response region after 75 fs has been amplified bydemonstrate

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 (5Q) t > 75 fs dichroic has been displaced down 0.14 units for viewing purposes+T{€) LO is indicated by solid
(dashed) lines showing how the accumulated acoustic respomseusof-phase with the CHfbirefringent Raman nuclear response.
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Figure 5. (a) Repetition rate dependence of the GHiguid (o* = 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 decgy dieterihined

by the best fit to be 12% 13 ns.

An additional characterization of the= 0 dichroic signal is average incident power effects due to the repetition rate
illustrated in Figure 4a. When the pump and probe beams arereduction, and thus, the nuclear 0 Raman responses are all
double chopped, lock-in detection at the sum frequency allows coincident as expected. In contrast, the magnitude of th@®
the energy changes in the transmitted pump and probe beamsutocorrelation-like feature is strongly dependent on the laser
to be simultaneously measured. The pump and probe beamsepetition rate in this frequency range. This contribution to the
exhibit equal but opposite signed energy changes (bleach/OHD birefringent response dramatically decreases in magnitude
absorption) in the dichroic responses of SC GHK# = 1.20 as the period between pulses is varied from tens to hundreds of
andT = 305.5 K) (Figure 4a). Such zero net energy gain is to nanoseconds in this near critical CH§ample. This repetition
be anticipated for a totally nonresonant (electronic and nuclear) rate dependence in the 76 to 2.375 MHz range is more clearly
response. evident in Figure 5b where the normal electronic and nuclear

Pulse Repetition Rate Dependeniceone attempt to identify response has been removed from the average power corrected
the nature of these OHB®) signals, we measured the OHD observed birefingent signals displayed in Figure 5a. As the
OKE responses of near critical G@nd CHFE; excited by laser interpulse delayT) is increased from 13.2 to 421 ns, the signal
pulses at~800 or ~600 nm resulting from a regeneratively monotonically but nonlinearly decreases witland is virtually
amplified laser system operating at 250 kHz. The OHD undetectable for delays on the order of @% and longer at
responses of near critical G@nd CHF; obtained with these  this state point in CH§ Thus, the observed OHD signal in these
excitation sources exhibited a normal type of birefringent SC fluids is an accumulated signal whose observation is
(instantaneous nonresonant electronic and Raman nuclear) andependent on a relaxation phenomenon that must fall in the time
dichroic (weak dispersive-shaped) responses in agreement withscale of hundreds of nanoseconds and hence was not observed
our previous OHDB-OKE studies of near critical CO? with 250 kHz laser pulses of the regenerative amplified system
Comparison of signals obtained with these different laser sourceswhereT = 4 us. As mentioned previously, heterodyne detected
established that this anomalous= O feature was not due to  accumulated photon echo signals were readily observed when
beam characteristics such as excitation wavelength, pulse energythe excitation pulse cycle is short as compared to a bottleneck
pulse bandwidth, beam mode structure, or experimental artifactspopulation decay time effectively amplifying ti® response
(e.g., lenses, laser scatter, and sample cell). However, the pulsat least for solid state materigls.23
period was one remaining difference between these two excita- SCFs and OHD Accumulated Acoustic Gratings.Phase
tion sources: 76 MHz (13.2 ns period) versus 250 kHz (4000 Matching Considerationdn most previous reports of optically
ns period). generated longitudinal acoustic gratirfg$2°20the time de-

The origin of this novel OHDP® effect in near SC fluids pendence of the acoustic standing wave with wavever{y|
was unequivocally revealed when a pulse picker was used to= |kyu1 — Kpu2l) produced by the intensity interference pattern
systematically reduce the repetition rate of the incident pump from two temporally and spatially co-incident pump puldesa(

and probe pulses from 76 MHZ & 13.2 ns) to 2.4 MHzT = and ko2 is measured by the reflection efficiency of a probe
421 ns). The laser repetition rate dependence of the birefringentlaser incident in the sample overlap regiég)(scattered at some
response of liquid fluoroformT = 294 K andp* = 1.51) is new angle as a function of delay time from the pair of pump

shown in Figure 5a. These signals have been normalized forpulses. The radiated response field or reflection satisfies the
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SC CHF3 (p * = 1.13) Birefrigence Intensity vs. Sound Velocity (VS)
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Figure 6. (a) Birefringent response of SC Cklfp* = 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 In of the birefringent signal magnitude as a function of the
In of the sound velocity is best fit to a straight line with a slope-@f.9 & 0.07.

Bragg condition in the previously dakiu: — kouz — Kor direction due to pulses spaced by periddand exponentially damped
and is thus a homodyn¢R(®)|2) generated response. should build up according to
In contrast, the acoustic grating resulting in the signal reported

here can only be produced when the pump and probe pulses I
are temporally overlapped, resulting in the acoustic response SURARE Zl e = T (4)
with wavevectotq| = |koy — Karl. Given the two-beam geometry n= l-e ™

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

—Tlt,

When the functional form given by eq 4 is fit to these
repetition rate dependent experimental intensities, an excellent,

consistent with the observation that the acoustic grating basedON€ Parameter (aside from an overa!l sqallng constant) fit is
signal is largest for parallel orientations of the pump and probe obtained forr, = 127+ 13 NS as seen in Figure 5¢. The decay
electric vectors. Presumably, electrostriction is the dominant rate dug to soun_d_absorptmgns given in terms of the sound
mechanism for coupling the optical fields to the acoustic 2PSOrPtion coefficienty, and the speed of sounus, by
response in these nonabsorbing fluitlas discussed previously. 2
Since the observed third-order signal polarization is heterodyn- T,= 1A (5)
ing with the probe pulse when the signal is detected in the probe aVg (00/_2)1133
direction, the third interaction must be due to a pump field by
phase matching constraints. Hence, the observed signal can only The second equality follows from the sound propagation
be generated during the time the pump and probe pulses argelation Av = Vs. As discussed previously, the quantity 2
overlapped, and thus, the acoustic response has the temporak the constant noted for sound attenuation descriptions and has
profile of the intensity autocorrelation function. A time-resolved been found, for example, to be a constant for near critical LHF
acoustic response in this configuration would require two grating in the high (v > 150 MHz) angular frequency reginidf we
excitation field interactions separated by the relevant time scaleuse values forw=2 (4 x 10713 &2 cm™) and vs (183 m/s)
to probe the acoustic response: here in the @0 ns regime. reported for fluoroform at similar densities and temperatfires,
However, during data acquisition, the signal at each time step then eq 5 yields a value of = 117+ 20 ns for the experimental
is averaged over 100 ms period typically, and thus, when conditions of this measuremerit € 792 nm,0 = 8.3, andA
the acoustic response relaxation time is of the order of the pulse= 5.16 um). This sound decay time is in excellent agreement
period (), there is a sufficient number of pulses to build up a with that determined by the fit to the pulse period dependence
steady state grating population and observe an accumulatedf the OHD accumulated acoustic response (Figure 5¢) 4127
acoustic response. 13 ns. Furthermore, this acoustic relaxation time scale is nearly
Sound Decay Rate Dependentée integrated intensity of  an order of magnitude longer than the interpulse period of the
the accumulated acoustic OHD birefringent signals of @HF Ti:sapphire oscillator (13.2 ns) and is thus consistent with the
shown in Figure 5a are plotted as a function of the interpulse observation of an accumulated acoustic response in this SCF.
spacing (pulse periodr) in Figure 5c. If the acoustic grating Sound Velocity DependencEae very sensitive dependence
formed by the interference pattern of a pump and probe field of the strength of this OHD accumulated acoustic signal on
decays exponentially with time constant, due to sound sound velocity is illustrated in Figure 6. The birefringent
absorption, then the amplitude of the accumulated OHD signal response of SC CHFp* = 1.13) as a function of temperature
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in the range of 306327 K in shown in Figure 6a. Over this ISig,,,. !/ 1Sigy, | Dependence on Sound Velocity (V)
modest 6% temperature range, the observed birefringent acoustic . . .
signal intensity changes by more than a factor of 3. A-tog -
plot of the CHR accumulated OHD birefringent peak signal '

intensity as a function of the sound velocity at each correspond-
ing temperatur¥ is given in Figure 6b. As seen in Figure 6b, 0.4/
an excellent best-fit linear dependence is found in this-log B 4

plot, yielding a slope of-4.9 + 0.07. Thus, empirically, we -

find that this accumulated OHD birefringent 6 = 7/2) o 0.3

acoustic signal is inversely proportional to the speed of sound =,

to the fifth power {s5). o
The Vs~° 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 .| 0 T=318K
the sound decay time. Following Boyé,the efficiency of i O T=313K
grating production owing to the change in density, created U
by electrostrictive forces due to optical frequency fieklss 0! | i :
. 145 150 155 160 165 170 175 180
given by -1
Vsa’ms
Ap = oC (EED 6 Figure 7. Relative magnitude of the dichroic to birefringent response
P = PsVe g (6) of liquid CHF; (o* = 1.2) as a function of the speed of soung)(

whereCs = (dp/dp)/p is the compressibility evaluated at constant sponding birefringent signal as the temperature is reduced in
entropy andye = p(de/dp) is the electrostriction constant. The  the SC region toward the CHEritical temperatureTc = 299.3
resulting nonlinear polarization is proportional to this change K). The sound velocity for this SC fluid is nearly linearly
in density?6 The constant entropy compressibility can be defined dependent on temperature in this SC region and decreases by
in terms of the density and speed of sour@k = 1/(ovs?).231 ~25% as the temperature is reduced from 318 to 30% K.
Thus, as the sound velocity decreases, the efficiency of Within this albeit relatively limited temperature range and the
electrostriction driven acoustic grating generation increases precision of these measurements, the relative magnitudes of
quadratically. The nonlinear index of refraction due to a time dichroic and birefringent intensitieS;d/S,r, exhibit a linear
averaged electric field resulting from the fringes of an interfer- dependence on the sound velocity.
ence pattern produced by the superposition of coherent radiation - Only a weak antisymmetrically shaped response, arising from
fields has also been shown to vary inversely proportionally to the phase modulation of the pulse envelope, would be anticipated
the square of the sound veloc#y. for these electronically nonresonant OHD dichroic responses
Furthermore, for the accumulated OKE signals, the expectedaround the pulse overlap regi8ii22 However, for these
amplification due to the pulse train periof) peing shorter than  accumulated OHD grating responses, we attribute the complex
the sound decay timerd) is described by eq 4. When the  character of the third-order polarization amplitude to the motion
exponentials in this expression are expanded and evaluated fobf the acoustic standing wave on the time scale of the grating

7a > T, the following relationship is obtained whenis given population buildup. In the previous study of an accumulated
in terms ofVs (eq 5): thermal grating response generated in an absorbing dye solu-
- tion,? the rapid flow of the solution caused the pure phase
— Tty T A2 . .
T, 7) O e ~ B @) gratings to acquire a complex character when the thermal
' T T T((xv_z)usa diffusion grating relaxation time was of the order of the time

interval between pulses. Hence, for a rapidly flowing solution,
When this sound velocity dependence is combined with the the signal field acquired a time dependent phase factor given
vs 2 value due to compressibility scaling the electrostrictive by expf{qv sin(@)(t — t')), where v sin(@@) is the velocity
opto-acoustic coupling contribution (eq 6), &3Ydependence  component perpendicular to the grating direction &nd () is
is obtained. For the data shown in Figuret§= 120 ns for the time interval between successive pulse train interactfons.
CHRz atp* = 1.13, which is about an order of magnitude longer This is just the usual spatial phase factor that results when two
than the pulse period for 76 MHz pulseb £ 13.2 ns), and idealized plane waves interact with a medium. For ptipimbe
thus, expanding the exponentials (eq 7) is a reasonable ap-studies at short times, the translational (diffusive) motion of

proximation (5% error). such a flowing sample is generally too slow to affect the
Complex &) ResponseAs discussed previously (see Figure observed nonaccumulated responses.
4b), both in-phase (dichroic) and?2 out-of-phase (birefringent) The standing sound wave produced in the interference region

OHD accumulated acoustic grating signals are observed in theof the pump-probe laser beams decays into two moving sound
OKE configuration for these nominally transparent SCFs. The waves traveling apart from each other at a rate that is
birefringent signal is found to be larger than the corresponding proportional to the sound velocityThus, in analogy to the
dichroic signal for the same LO oscillator strength at the state flowing thermal generated gratings stated previously, this
points studied. However, the ratio of these OHD detected real spatially dependent phase factor can be described by¢exp(
and imaginanP® based components exhibits a systematic trend whereg [ qVs(t — t'). The exact magnitude of this phase factor
with temperature. The ratios (by area) of the observed dichroic is dependent on finite beam size effet8® However, a

to birefringent signals %ic/Sir) of SC CHR (p* = 1.2) are consequence of this sound velocity dependent phase is that the
plotted as a function of temperature and sound velocity in Figure ratio of the dichroic (in-phase) to birefringent/2 out-of-phase)

7. As seen in Figure 7, the magnitude of the accumulated signal magnitudesSi/Sir) is predicted to be proportional to
dichroic signal in SC CH¥decreases relative to the corre- tan ¢, and for relatively small angles, tah~ ¢. For the SC
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CHF; data shown in Figure &id/ Shir = ~0.4; thusg is ~0.38 ultrafast, high repetition rate 25 fs Ti:sapphire oscillator putées.
rad following the previous discussion, and &R ¢ is a good However, in contrast to the detection employed here, a shaker
approximation. The observedli/S,ir linear dependence on the  was used to rapidly acquire the entire response, and then multiple
sound velocity in this regime exhibited in Figure 7 is consistent traces were averaged, thus avoiding the population accumulation
with such a¢ value. Thus, in contrast to the demonstrated and subsequent pulse readout.
(Figure 6b)Vs® dependence of the OHD accumulated bire- ~ While the data shown here serve to characterize the more
fringent responses of the near critical fluid, the corresponding salient features of this novel optically generated acoustic
observed dichroic response is inversely proportional to the fourth response, subsequent observations are planned to help develop
power of the sound velocity. 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
N ) ) ) that by taking advantage of their large compressibilities, these
A new near critical point optical effect, most directly due to  materials may be used as highly efficient light modulators or
the enhanced compressibility of fluids in this thermodynamic qeflectors. Furthermore, given the relative ease of the required
region, is reported here. Large, accumulated, electrostrictively experimental configuration (i.e., two-beam as compared to three-
coupled acoustic responses are readily observed in the-OHD peam transient grating configuration), and the observed fifth
OKE two-beam configuration employing a high repetition rate power sound velocity dependence, quantitative analysis of this
(76 MHz) laser in near critical COand CHR. By phase  gptical phenomenon has the potential for being an additional
matching constraints, this accumulate® response is only  sensitive measure of acoustic properties and thermodynamic
observed when the pump and probe pulses are temporallystate points of SCFs and near critical mixtures. Future studies
overlapped and hence has the appearance of a greatly enhancegjj| contrast the more standard three beam homodyne transient
nonresonant electronic response at the incident colors used here@rating response in these SC fluids with the observed ac-
This feature ist out-of-phase with respect to the normal nuclear ¢,mulated OHD responses, determine measures of the grating
and nonresonant electronic responses of transparent liquids an@fﬁciency7 explore this phenomenon for other SCFs, and make
appears in both the dichroic and the birefringent OHD responses.measurements of both dichroic and birefringent accumulated
This cpmplex chgracter i§ proportional to 'ghe sound .velocity. OHD responses over a larger range of state points, including
Experimental evidence is presented, which establishes thecioser to the critical point where the sound attenuation constant

Conclusion

accumulated, optical heterody® nature of these signals.

(a/v?) dramatically increase$:'8 Such observations will allow

The large magnitude of this accumulated response is probablya more quantitative treatment of this accumulated acoustic

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~1(? to 1(® ns) as compared to the

nonlinear optical effect and a useful test of equation of states
particularly for less well-characterized SC fluid mixtures.
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