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Real-time measurements of phonon lifetime using a
streak-camera-Raman-induced phase-conjugation method

P.]. Delfyett, R. Dorsinville, and R. R. Alfano

Insiitute for Ultrafast Spectroscopy and Lasers, Department of Electrical Engineering, The City College of New York,
New York, New York 10051

Received July 14, 1987; accepted September 18, 1987

A novel real-time technigue to measure phonon dynamics using the Raman-induced phase-conjugation method in
combhination with streak-camera technology is deseribed. The technique is used to determine vibrational and
optical phonon dephasing kinetics of (S, caleite, and LiNbO; with a temporal resolution of 3 psec,

Since the early 1970’s the study of vibrational kinetic
processes in solids and liquids has been made possible
by several new ultrafast experimental techniques for
the excitation and probing of molecular and lattice
vibrations."# These techniques include coherent ex-
citation by stimulated Raman scattering and by coher-
ent anti-Stokes Raman scattering (CARS) and inco-

herent excitation by resonant infrared absorption.’-$

Recently the Raman-induced phase-conjugation
(RIPC) technique was shown to be suitable for mea-
suring vibrational relaxation times.”® RIPC is char-
acterized by a wider frequency range and a broader
acceptance angle for phase matching than CARS.” In
all these techniques the time information is obtained

by delaying in time a probe beam relative to the excita-

tion beam(s). The kinetic information is obtained on
a picosecond time scale by using a slow detector from
the convolution of the probe pulse shape with the
response function of the material.

In this Letter, we demonstrate a novel technigue
that combines the RIPC geometry with streak-camera
techniques to determine the phonon and vibrational
dephasing times in real time. This is the first time to
our knowledge that optical phonon and molecular vi-
bration kinetics have been measured in real time. In
this new method, the phase-conjugated pulse generat-
ed using RIPC is passed into a streak camera and a
video computer system to record its time profile, The
rise and decay times of the generated pulse are directly

- related to the phonon formation and dephasing times.
The technique was used to determine phonon and.

vibrational dephasing times in CS,, LiNbOg, and cal-
cite at room temperature and to test the new method.
The measured times agree well with earlier measure-
ments made using different excite-and-probe Raman
techniques. o

The RIPC setup was previously describéd'in detail 8
In the technique, three pulses of different frequencies,
one derived from a nonlinear supercontinuum? at w —

Q (where @ corresponds to a vibrational frequency)
and two laser pulses at « (where w is the second har--

monic of a Nd:YAG laser), interact in the nonlinear
medium to generate a fourth beam nearly phase conju-
gate to one of the laser beams at w. The picosecond
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pulse continuum was produced by focusing the laser
fundamental and its second harmonic into a 5-cm lig-
uid 190 cell. The supercontinuum source has the
advantage that it can couple to all Raman-active pho-
non modes that lie within the frequency bandwidth,
which can typically be 3000 cm~1. Thus, with a single
laser pulse, Raman spectra spanning the continuum
bandwidth can be obtained. The phonon dephasing
time can be determined by delaying one of the inter-
acting beams relative to the other two. With this
method we showed previously that the resolution of
this technique is >10 psec with a Quantel 30-psec laser
system. By using shorter pulses, dephasing times can
be measured more accurately.?

Recently we demonstrated!? that if narrow-band fil-
ters are used to spectrally select a 10-nm window with-
in the continuum, lager pulses of less than 3 psec can
be generated between 460 and 600 nm from a super-
continuum generated in D3O by a 25-psec laser pulse.
Therefore the continuum beam at a given wavelength
is much shorter. than the second-harmonic beam.
Since the nonlinear material is coherently driven only
when both the second-harmonic laser pulse and the
continuum pulse are present, the excitation lasts for
only 2 to 3 psec, which is the duration of the continu-
um pulse. Once the excitation has ended, the sample
relaxes according to its characteristic dephasing time,
which for most samples is of the order of a few picosec-
onds {<2-20 psec).

In this work, we monitor directly in real time the
intensity of the phase-conjugate signal as a function of
time, using a Hamamatsu Model C1587 2-psec-resolu-
tion streak camera and a temporal analyzer. With
this method, the resolution is determined by the dura-
tion of the short-continuum pulse and the streak-cam-
era resolution (3 psec). The difference between this
novel technique and previous methods can eagily be
illustrated if we consider the formula describing the
phase-conjugate field in the adiabatic approximation
in a nonlinear medium!-12:

¢

B~ E(t + 744) f E()E()Qt —¢)de, (1)

where E,. is 71:*héﬁi$hase—conjugate field, £, and E. are
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the pump and the continuum fields, respectively, E,;
is the probe pulse, § is the nonlinear response function
of the medium, and 74, is the delay hetween the probe
and the two other beams. We have assumed a thin
sample and neglected geometrical effects. Thereisno
delay between the pump and continuum pulses.

In the case of a pump-and-probe experiment the
intensity of the phase-conjugate pulse is detected by a
slow detector and is proportional to '

o
Ipc(TdeI) ~ [ |Epc|2dt

feo £ :
~ ]_ B (¢~ 7400 J_ B, (t)E (')

X Q(t — t)dt’|*dt. (2)
In our case, the phonon response function has an expo-
nential form:

Q(t) = Q, exp(—t/7),

where 7 is the phonon dephasing time. Assuming a
very short continuum [E.(¢") ~ 8(t)] and a very long
pump [E,(t') = E,, = constant|, the phase-conjugate
intensity as a function of delay is given by

+e _
Ly(ran) ~ [ B, (¢t — rae)B,u@ expl—t/mld,  (4)

t=0, 3)

and the dependence of the phase-conjugate pulse in-
tensity on the delay time is determined by the convo-
lution of the probe pulse shape with the response func-
tion of the material. '

When the phase-conjugate signal is detected in real
time with an ultrafast streak camera the situation is
quite different. Under the same assumptions as
ahove and with 74¢ = 0 (all three beams coincide at the
sample site), the intensity of the signal reaching the
streak camera at time ¢ is given by

L(t) = |E, () |
~ |Ep1'(.t)EpoQo exp(—t/1)|2 ~ Ipr(t)e_%h. (5)

For a long probe pulse (>>7) of any shape the medium’s
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Fig. 1. Real-time single-shot time-resolved measurement

of the 656-cm 1 vibrational mode in CSs.
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Fig. 2. Semilogarithmic plot of single-shot real-time RIPC
pulse shapes obtained from CS,, calcite, and LiNbQOs. The
values of the phonon dephasing times caleulated from these
curves using expression (5) are 8 and 20 psec, respectively,
for CS, and calcite..

responsge function is obtained by dividing the phase-
conjugate signal by the probe intensity. Expression
{5) shows that when the nonlinear phonon response of
a material is studied by using a fast detector, the tem-
poral shape of the phonon response function of the
material can be obtained in real time. Under our
experimental conditions, with a 3-psec-continuum
pulse, 25-psec probe and pump pulses, and a 2-psec-
resolution streak camera, expression (5} should be
quite accurate for phonon and vibrational relaxation
times longer than 3 psec and smaller than 20 psec. To
measure shorter dephasing times, a shorter-continu-
um pulse and a faster streak camera are necessary.
Measurements of vibrational and phonon dephasing

times have been attempted in three materials to verify -

the new real-time streak-camera-RIPC technique.
For two samples, CS; and calcite, the dephasing times
were known to fall within the range of our laser system

{820 psec).131314 For the third sample, LiNbO3, no
direct measurements in the time domain were avail-
able, but phonon relaxation processes were projected
from linewidth measurements to be very fast.!> The
meagurements on LiNbO; were used to determine the
system’s resolution. _ ,

- Figure 1 shows a typical single-shot real-time
streak-camera measurement of the 656-cm~! vibra-
tional mode of CSs, which exhibits a fast electronic
component and a slower exponential phonon decay.
The rise time is <3 psec, and an exponential fit to the
tail of the scattered pulse envelope yields a dephasing
time of 20 &+ 1 psec, in excellent agreement with previ-
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ous measurements using standard pump-probe tech-
niques and linewidth measurementg,16:17

The new technique was also used to measure the
dephasing of the 1086-cm™! line in calcite. Figure 2
shows the calcite phase-conjugate pulse envelope ob-
‘tained from a streak-camera’s single shot plotted us-
ing a logarithmic intensity scale, together with the
656-cm~! CS; curve and the 630-cm—! phonon dephas-
ing curve of LiNbO;. The LiNbO; 630-cm ! phonon
line was used to determine the resolution of the experi-
‘mental setup. This line exhibits. rapid rise and decay
with no exponential tail and a full width at half-maxi-
mum of approximately 3 psec. The single pulse dis-
played corresponds to a shorter-than-average-contin-
uum pulse and has a slightly faster rise time than the
two other curves in the figure. The calcite curve
shows a fast rise time and electronic response followed
by a slow exponential phonon decay. The average
value obtained from 10 laser shots yields a phonon
dephasing time of 9 + 1 psec. For a homogeneously
broadened line of Lorentzian shape this value corre-
sponds to a spontaneous Raman linewidth given by

Sv = (mer) ™' = L.17 em ™},

in excellent agreement with linewidth measurements
at room temperature by Park.!8

In summary, we have described a new technique to
determine the phonon and vibrational dephasing
times in solids and liquids in real time. This tech-
nique, in which a phase-conjugate signal is studied
uging a 2-psec streak camera, was shown to measure
accurately the dephasing times in CS, and calcite.

‘T'his research is supported by U.S. Air Force Office
of Scientific Research grant 860031 and by Hamamat-
su Photonics. We thank N. Schiller and K. Kaufman
for loan of the fast 2-psec streak camera.
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