LA REVUE DE PHYSIQUE APPLIQUEE

Publiée sous la responsabilité de la Commission des Publications Frangaises de Physique
Président : F. LALOE (E.N.S., Paris)
Editeur Scientifique : G. FOURNIER (O.N.E.R.A.)
Co-Editeurs Scientifiques :

C. CAMY-PEYRET (Paris)

J. CASTAING (Meudon)

G. CHARPAK (Genéve, Suisse)
J. CHAUVIN (Paris)

C. DEUTSCH (Orsay)

A. FAYT (Louvain, Suisse)

A. FROVA (Rome, ltalie)

M. ILEGEMS (Lausanne, Suisse)

J. JERPHAGNON

. (Conflans-Ste-Honorine)

L. P. KUBIN (Poitiers)

H. MUGHRABI (Erlangen, R.F.A))

V. M. ORERA (Saragosse, Espagne)
V. SAFAROV (Léningrad, U.R.S.S.)
M. SOUTIF (Grenoble)

J. TAINE (Chétenay-Malabry)

P. VEYSSIERE (Poitiers)

C. WEISBUCH (Orsay)

W. ZAWADSKI (Varsovie, Pologne)

Rédacteur en chef : Jeanne BERGER

La Revue de Physique Appliquée parait a raison de douze numé-
ros par an. Les domaines couverts sont : sciences des matériaux,
physique des dispositifs électroniques, physique des fluides et méca-
nique, physique des transferts d’énergie, physique des particules
dans le vide et les plasmas, optique et lasers et instrumentation.

Les manuscrits proposés doivent étre inédits, et rendre compte,
soit de mesures originales relatives a des phénoménes ou des maté-
riaux connus, soit de méthodes expérimentales ou d’appareillages
nouveaux.

La Revue publie également des notes bréves présentant des résul-
tats ou des dispositifs expérimentaux originaux en deux pages de
revue maximum, y compris résumés frangais, anglais et figures,
ainsi que des mises au point en physique appliquée ou instrumen-
tale.

LANGUES. -— Frangais, anglais, allemand ou russe.

DOCUMENTS A FOURNIR :

— Texte en trois exemplaires, dactylographiés en
double interligne au recto seulement, avec marges
de 4 cm au moins.

-— Résumé dans la langue originale, en un seul
paragraphe.

— Traductions du titre et du résumé en anglais et
en frangais.

— Titre abrégé de 50 signes au plus, pour tétes
de pages.

— Légendes des figures et références numérotées
sur pages séparées.

— Pour les articles en frangais, les légendes doivent
étre a la fois en frangais et en anglais.

— Figures originales sur calque, numérotées au
crayon ; joindre une copie a chaque exemplaire du
texte.

— Numéros de code dans Physics Abstracts.

On se conformera, pour la présentation du texte, des resumés,
des formules, figures, tableaux et références, aux régles du
Manuel de Rédaction de la Société Européenne de Physique.
(J. Physique 34 (1973) [-VI11)

Nec rien souligner a I'encre ou au crayon rouge. Les indications
nécessaires (position des figures, définition des symboles ou
caractéres spéciaux la premiére fois ou ils sont employés) seront
données en marge au crayon.

TirRES A PART. — Les auteurs en regoivent gratuitement 50.
Des tirés a part supplémentaires peuvent étre envoyés sur
demande.

I.es manuscrits doivent étre scumis a :

The Revue de Physique Appliquée publishes twelve issues a year.
The topics covered are : science of materials, physics of electronic
devices, physics of fluids and mechanics, physics of energy trans-
ferts, physics of particles in vacuum and plasmas, lasers and optics
and instrumentation.

Manuscripts submitted should describe either original measure-
ments relating to known phenomena or materials, or novel experi-
mental methods or apparatus, which have not been published
elsewhere.

The Revue publishes also short notes on results or original expe-
rimental devices, which, together with abstracts in French and
English and figures, occupy no more than two pages. Overview
articles on applied or instrumental physics are also accepted.

LANGUAGE. — French, English, German or Russian.
MATERIAL TO BE SUBMITTED :

— Three copies of text, typewritten double-space
on one side only, with margins of at least 4 cm.

— Title and one-paragraph abstract in the original
language, plus translations in English (if the original
language is not English) and if possible in French
(if not, they will be translated by the Revue).

— Shortened title of less than 50 letters for use
as page head.

— Figure captions and numbered references on
separate sheets.

— For articles in French, figure and table captions
must be submitted in both French and English.

— Original figures on tracing paper numbered
with pencil ; join a copy of the figures to each
copy of the manuscript.

— Code number according to Physics Abstracts.

The presentation of the text, abstracts, displayed formulac,
figures, tables and references should follow the recommen-
dations of the Style Manual of the European Physical Society.
/o Physique 34 (1973) V111

Avoid the use of ink or red pencil. The proper indications
(figure positions, definition of symbols or special characters

when used for the first time) should be indicated on the margin
with a pencil.

REPRINTS. — The authors receive 50 reprints free of charge.
Additional reprints may be sent upon request.
Manuscripts should be submitted to :

REVUE DE PHYSIQUE APPLIQUEE
Secrétaire : Denise LELIEVRE
Batiment 510, Université Paris-Sud - 91405 ORSAY (France)

Apres acceplation de leur article, les auteurs adresseront leur
correspondance i :

After the manuscript has been accepted, any further corres-

pondence should be addressed 1o :

LES EDITIONS DE PHYSIQUE
Z.1. de Courtabweuf - B.P. 112 - Avenue du Hoggar, 91944 LES ULIS CEDEX (France)
TéL : (1) 69 07 36 88 — Télex : 692321 F

ABONNEMENTS — SUBSCRIPTIONS 1987 France Etranger

Journal de Physique (tome 48) — Publication mensuelle (12 numéros par an)
Published Monthly (12 issues peryear) ........................

Courrier ordinaire
Surface mail

F.F. 1930 F.F.2330

(o] Revue de Physique Appliquée (vol. 22) — Publication mensuelle (12 numéros par an) certains numéros

regroupent un sujet précis

Published Monthly (12 issues per year) some deal with definite topics

................................... F.F. 1330 F.F.1610

D Europhysics Letters (vol. 3 et 4) — Publication bi-mensuelle (24 numéros par an)

Published bi-monthly (24 jssues peryear) ......................
Colloques - Conference Proceedings — La parution d'un Colloque dépend de la date a laquelle il s’est

m

tenu (temps de publication : environ 6 mois)

F.F.2400 S.F. 595

The publication of Conference Proceedings depends on the date when these Conferences have been held

(it requires about 6 months to publish a Colloquium) ............
F Annales de Physique {vol. 12) — 6 parutions annuelles — 6 issues per year
Journal de Physique + Revue de Physique Appliquée + Europhysics
COMBINED SUBSCRIPTION Letters + Colloques + Annales de Physique (B + C + D + E + F)
Journal de Physique + Revue de Physique Appliguée + Europhysics

Al ABONNEMENT GROUPE
A Il ABONNEMENT GROUPE

...................................... F.F.3190 F.
F.

3840
1

F.
F. 1570

F.F. 1030
........ F.F. 8380 F.F.9930

COMBINED SUBSCRIPTION Letters + Colloques (B + C + D+ E) ................................. F.F. 7680 F.F.9055

A 11l ABONNEMENT GROUPE

Journal de Physique + Revue de Physique Appliqguée + Colloques +

COMBINED SUBSCRIPTION Annales de Physique (B + C +'E + F) ... ... .....oooiiiiiiiiiiinnn. F.F.6200 F.F.7750

Prix de ce

Lo : 300°\Etra . 35
meg)ayl;rratgca\l; 00"\ Etranger F:350
Staatshibllothek



REVUE DE PHYSIQUE APPLIQUEE TOME 22, N° 12 DECEMBRE 1987

SOMMAIRE

Lasers Femtosecondes et Phénomenes Ultrarapides

Impulsions ultracourtes

Diagnostiques ultrarapides. (Texte en anglais). ................. J.-C. DIELS, J.J. FONTAINE ¢t W. RUDOLPH
Autocorrélation interférométrique monocoup d’impulsions femtosecondes.
................................................... F. SALLIN, P. GEORGES, G. LE SAUX, G. ROGER et A. BRUN
Synthése de forme d’impulsions de Fourier picoseccondes ct femtosecondes. (Texte en anglais).
................................................................................................... A.M. WEINER ct J.P. HERITAGE
Etudc d’un laser a colorant & impulsions ultra-bréves régulées pour la spectroscopie non linéaire femtoseconde.
(Texte en QNGIATS). .........ocuuiiniiniiiiiiiii ittt et ea s Y. ISHIDA ct T. YAJIMA
Evolution d’impulsions lumineuses cn couic (« chirped ») et régime stationnaire dans les lasers a colorant
fcmtosccondes a blocage en phase des modes passifs. (Texte en anglais).

................................................................................. V. PETROV, W. RUDOLPH et B. WILHELMI
Lascrs a colorant continu a blocage de modc passif fonctionnant de 490 nm a 800 nm. (Texte en anglais).

..................................................................... P.M.W. FRENCH, J.A.R. WILLIAMS ct J.R. TAYLOR
En routc vers lec Petawatt. ......... P. MAINE, D. STRICKLAND, P. BADO, M. PESSOT ¢t G. MOUROU

Amplificateur optique multipassage utilisant unc géométrie de résonnateur confocal doublc. (Texte en anglais).
....................................................................................... R.L. FORK, F.A. BEISSER et D.K. FORK

Sur un préamplificateur laser femtoseconde dc conception optique simple. ...l C. HIRLIMANN

Effets des automodulations, modulation induite ct modulation croisée de phase sur la génération d’impulsions
picosccondes et femtosecondes de lumiére blanche & tres large bande spectrale. (Texte en anglais).
..................................................................................... P.L. BALDECK, P.P. HO et R.R. ALFANO

Phénomeénes ultrarapides

Etude par lascr femtoseconde des processus ultra-rapides dans les semi-conducteurs et les grosscs molécules.

(Texte en anglais). ...........c..coooovviiiiiiiiiiiiiiiiin C.L. TANG, F.W. WISE ct LA. WALMSLEY
Non linéarités cxcitoniques subpicosecondes dans les puits quantiques. (Texte en anglais).
...................................... M. JOFFRE, D. HULIN, A. MIGUS, A. MYSYROWICZ ct A. ANTONETTI

Effcts fcmtosecondes ct cohérents dans le CdSe solide ct les verres dopés au Cd Se,S, _,. (Texte en anglais).
............................................................................................ N. PEYGHAMBARIAN ct S.W. KOCH

Dynamique intramoléculaire et intermoléculaire dans les liquides moléculaires par diffusion stimulée impulsion-
ncllc résoluc aux tcmps femtoseccondces. (Texte en anglais).
...................................... S. RUHMAN, A.G. JOLY, B. KOHLER, L.R. WILLIAMS ct K.A. NELSON

Battcments Tcrahertz de modes vibrationncels étudiés par spectroscopic Raman cohérent femtoseconde. (Texte en
anglais). ... R. LEONHARDT, W. HOLZAPFEL, W. ZINTH ct W. KAISER

Oscillations ultrarapides de I'absorption ct dc la biréfringence photoinduites obscrvées par unc technique de
modulation temporelle. ........ooiiiiiiiiiiiii J. CHESNOY ct A. MOKHTARI

Dynamiquc moléculaire du benzénc aprés cxcitation par des impulsions laser femtosccondes. (Texte en
anglais). .............. J. ETCHEPARE, G. GRILLON, G. HAMONIAUX, A. ANTONETTI ¢t A. ORSZAG

Réactivit¢ femtoseconde d’un électron cn solution aquecusc. (Texte en anglais).
................................................... Y. GAUDUEL, A. MIGUS, J.P. CHAMBARET ¢t A. ANTONETTI

Etude des photo-processus rapides dans lecs molécules biologiques au moyen d’un spectrophotométre laser
femtoseconde. (Texte en anglais). ..................... S.V. CHEKALIN, Yu.A. MATVEETS ¢t A.P. YARTSEV

Processus de rclaxation femtosecondes dans des milicux non linéaircs étudiés avec une lumiére incohérente.
(Texte en anglais). ..................oouv... T. KOBAYASHI, T. HATTORI, A. TERASAKI ¢t K. KUROKAWA

Etudes théoriques de la relaxation vibrationnclle de I'iode dans le xénon liquide a faible densité. (Texte en
anglais). .........coooeeiiiiiiiiiiiniii e J.K. BROWN, D.J. RUSSELL, D.E. SMITH et C.B. HARRIS

Scctions cfficaces limitées pour couplage multiphotonique. (Texte en anglais).
.K. BOYER, H. JARA, T.S. LUK, I.LA. McINTYRE, A. McPHERSON, R. ROSMAN ¢t C.K. RHODES

Articles réguliers

Science des matériaux

Préparation d’alliages amorphes silicium-étain hydrogénés. (Texte en anglais).
............................................................................... M. VERGNAT, G. MARCHAL ct M. PIECUCH

Physique des dispositifs électroniques

Mod¢lisation de la barriére de Schottky cn préscnce d’états d’interface distribués spatialement.
............................................................................................. G.N. LU, T. NEFFATI ¢t C. BARRET

Physique des particules dans le vide et les plasmas

Caractéristiques éncrgétiques de cathodes & micropointes & émission de champ.
.................................................................. A. BRENAC, R. BAPTIST, G. CHAUVET ct R. MEYER

Optique et lasers

Unc nouvclle technique de stabilisation cn fréquence d’un laser sur unc cavité de Fabry-Perot.
........................................................................................... G. CAMY, R. AMER ct N. COURTIER

Les titres de la Revuc sont repris dans Ic Bulletin Signalétique du CNRS, Physics Abstracts ct Current  Contents.

1605

1613

1619

1629

1639

1651
1657

1665
1673

1677

1695

1705

1711

1717

1735

1743

1749

1755

1761

1773

1787

1793

1803

1809

1819

1835

1841



Revue Phys. Appl. 22 (1987) 1735-1741

Classification
Physics Abstracts
42.65 — 32.50

DECEMBRE 1987, PAGE 1735

Terahertz beats of vibrational modes studied by femtosecond

coherent Raman spectroscopy

R. Leonhardt, W. Holzapfel, W. Zinth and W. Kaiser

Physik Department Ell der Technischen Universitdt Miinchen, Miinchen, F.R.G.

(Regu le 9 juin 1987, accepté le 18 septembre 1987)

Résumé. — Une technique par Raman cohérent femtoseconde récemment développée permet de mesurer
des spectres Raman cohérent a transformée de Fourier avec des différences haute-fréquence. L’excitation
simultanée de différents modes de vibration avec une force motrice accordable a large bande conduit & un fort
battement de la diffusion Raman cohérent de la sonde. La haute résolution temporelle du montage
expérimental permet de mesurer des battements de fréquence de plus de 10 THz avec une précision élevée.

Abstract. — A recently developed femtosecond coherent Raman technique allows the measurement of
Fourier transform coherent Raman spectra with high-frequency differences. The simultaneous excitation of
different vibrational modes with a broad-band tunable driving force leads to a strong beating of the coherent
Raman probe scattering. The high time resolution of the experimental set-up allows one to measure beat
frequencies of more than 10 THz with high precision.

1. Introduction.

During the past decade, time-resolved coherent
Raman methods have attracted considerable interest
for the study of fast dynamic processes. In particular,
time-resolved coherent Raman scattering made it
possible to measure — in the time domain — rapid
dephasing processes of molecular vibrations in li-
quids and elucidated various line broadening
mechanisms [1-5]. It is the aim of this paper to focus
attention on a more recent application. Although
time-resolved Raman scattering collects data in the
time domain, it allows valuable information to be
obtained in the frequency domain. There are various
approaches to relate the time and the frequency
domain [6-11] : (i) Time resolved coherent Raman
scattering, where the spectrum of the coherently
scattered light is recorded, has been extensively
studied using picosecond light pulses. It is possible to
remove the homogeneous contribution to the transi-
tion line-width. One finds spectra with narrower
lines and one obtains transition frequencies with
high accuracy. This technique has been applied to
the study of congested spectral regions, where the
spontaneous Raman spectrum is smooth, but where
the line-narrowing technique revealed structure due
to distinct transitions [9-11]. (ii) In the second
method the time evolution of the coherent Raman
probe signal is recorded with high time resolution.

The Fourier transformation of the experimental data
gives a difference frequency spectrum. The fre-
quency resolution of this technique can be improved
by using numerical filtering procedures prior to the
Fourier transformation. (iii) A third way to analyse
the data is a comparison of the data taken in a high
time resolution experiment with time dependent
functions. High accuracy can be obtained for the
determination of difference frequencies.

In this letter we present new experimental data of
time-resolved coherent Raman spectroscopy taken
with a novel femtosecond Raman spectrometer [12,
13]. The results of these time-domain experiments
are subsequently numerically analysed. In this way
we obtain frequency differences with high precision.
The high time resolution of the femtosecond cohe-
rent Raman set-up allows one to measure very high
difference frequencies. After a short theoretical
description of the basic ideas of the technique we
give experimental results. We show that terahertz
quantum beats up to 10 THz can be measured giving
precise values for the frequency differences of vibra-

tional transitions separated by up to 350 cm~'.

2. Theory.

Time-resolved coherent Raman scattering is com-
monly treated under the following assumptions [1].
The light fields are described by Maxwell’s equation
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and the vibrational transitions are represented by
two-level systems. Changes in the population of the
two molecular levels are neglected (weak Raman
interaction). The expectation value of the vibrational
amplitude, the coherent amplitude {(g), is the
relevant quantity for the description of time-resol-
ved coherent Raman spectroscopy. First, we discuss
the coherent experiment for a single homogeneously
broadened transition with dephasing time 7,. We
use the ansatz of plane waves for the coherent
amplitude (q) = (i/2) Qexp(—iw,t +ik,x)+
c.c. and assume an isotropic Raman tensor for the
investigated vibration. The coherent amplitude of a
Raman active mode at frequency w, is excited via
transient stimulated Raman scattering by a pair of
light pulses, the laser pulse E; and the Stokes pulse
Es [1, 14]. The electric fields are considered to be
plane waves, e.g.

EL = 1/2 EL exp(—ith + ika) + C.C.

with the wave vector k; and frequency w  for the
laser field. The driving force F (x, t) for the coherent
amplitude Q is proportional to the product of the
laser and the Stokes field, F(x,t)oc E| EE; as a
result the frequency of the excitation force is
w — wg. The linear response theory applied to the
excitation process leads to the following equation for
the coherent amplitude Q :

0() = « J A B (1) E&(1') x

— 0

xexp[(t' —t)/T,~iAwt'}. (1)

The constant « contains material parameters such
as Raman cross-section and vibrational frequency
w, (see Ref. [1]). T, stands for the dephasing time of
the transition. Detuning between the excitation
frequency and the vibrational mode is given by
Aw = w| — wg — w,. Under the action of a short
exciting force the coherent amplitude (g) evolves as
follows : (g) rises to a maximum with the exciting
force and, subsequently, decays exponentially with
the dephasing time 7,. During the free exponential
decay the molecules oscillate at the resonance fre-
quency w,. In the experiment described here the
large bandwidth of the short driving force allows
several vibrations to be excited simultaneously.
Since the excitation via stimulated Raman interac-
tion is weak, the various modes evolve in time
independent of each other. The different vibrations
may be treated with the same ansatz introducing the
individual resonance frequencies w,;, phase factors
¢, amplitudes Q;, and dephasing times T5;.

In the time-resolved coherent Raman ex-
periments, the amplitude (g) generated at time
zero is monitored by coherent Raman scattering of a
delayed probing pulse E| ,. We investigate light on
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the anti-Stokes side of the Raman spectrum gener-
ated by the nonlinear polarization PRt :

P2§'=A<Q> EL2+XIS3|2ELE5* E.. (2)

The coherent signal consists of two contributions.
The first part on the r.h.s. of equation (2) describes
the coherent Raman signal of interest scattered from
the excited vibrational mode. The constant A con-
tains the Raman cross-section of the mode. This part
of the coherent signal is emitted at the resonant anti-
Stokes frequency w,s = @ ,+ @, and provides
information on the dynamic properties of the investi-
gated mode. The second part on the r.h.s. of
equation (2) is related to the nonresonant nonlinear
susceptibility x{’ resulting from electronic contribu-
tions [15]. The nonresonant part of the signal gives
an instantaneous response, i.e. it follows the product
E  E¥ E_, and decays very rapidly with the time
resolution of the experiment. The resonant part, on
the other hand, shows the slow response of the
resonantly excited vibrations. The nonresonant part
of the coherent signal does not provide any informa-
tion on the investigated modes. It has to be separated
from the resonant signal. This fact is not possible in
the steady-state coherent anti-Stokes Raman spec-
troscopy (CARS). In the time-resolved coherent
anti-Stokes experiments described here the separa-
tion is possible due to the different time dependence
of the two contributions: the rapidly decaying

. nonresonant part shows up around time zero, while

at later delay times valuable information on the
slower resonant part of the signal is collected.

In the present coherent experiment we measure
the scattered Raman light as a function of the time
delay 7 between excitation and probing pulses. In
order to have optimum temporal resolution, pulses
of very short duration for the exciting and probing
laser fields are required.

Under these conditions the nonresonant signal is
concentrated only around time zero and may be
neglected at later times. Experimentally, one detects
the time-integrated coherent signal S(¢p):

+ OO 5
S(tD)ocJ dt|Eas(t, tp)]|”
- ®

+ O o
o | Talpewr o

[s]

+ 00 5
=J dr|A<q) Ep |-

— 0

According to equation (3) one measures the time
dependence of the coherent amplitude or — more
exactly — one determines the absolute square of the
coherent amplitude, which decays exponentially
with T,/2.

When several modes are excited simultaneously,
the signal decay is more complex. It can be shown
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that for very short driving and probing pulses the
coherent signal is equivalent to the absolute square
of the Fourier transform of the spontaneous Raman
spectrum [6, 7]. Here we analyse the coherent
Raman signal at late delay times, where the different
vibrational modes oscillate at their resonance fre-
quencies w,; and the amplitudes decay exponentially
with the individual dephasing times 7, ;. The cohe-
rent anti-Stokes field is the sum of the light field
generated by the individual molecular modes Q;.
For short light pulses of duration 1,<T,,
t, <1/Aw;; one obtains :

Exs(t,1p) =) Ensi (1, 1p)
i

oc Y Qjltp) exp(—iw;tp).  (4)

According to equations (3) and (4) simultaneously
excited modes lead to a beating of the coherent
signal at the frequency differences Aw;; between the
various transition frequencies Aw;; = w; — w;. These
« quantum beats » of the coherent signal may give
accurate information on the vibrational spectrum.

The effect of different parameters on the coherent
signal is readily seen for the simple example of two
vibrational modes. We assume that the two modes
with a frequency difference Aw and dephasing times
T, and T,, are excited to the coherent amplitude
Q. For equal amplitudes Q) = Q) one obtains for
the coherent signal

S(tp) =

2
= Z Qjoexp(—tp/Tr; —iw;tp)

j=12
= Qijolexp(—21p/Ty) +exp(—21p/Ty) +
+2cos (Aw tp)exp(—tp(Ty + Ty) /Ty Tyn)l

)

The signal consists of the two contributions of the
individual transitions decaying with the respective
dephasing times (first two expressions on the r.h.s.
of Eq.(5)). The interference between the two
molecular modes gives rise to the third term of
equation (5), which causes strong modulation of the
signal. When the two dephasing times strongly
differ, the modulation depth of the signal decreases
with increasing time. At late delay times the modu-
lation dies out and a single unmodulated exponential
decay appears. As an example, the signal curve for
two  vibrational modes at Aw =10%s7!
(=53cm™'), T,,=6ps and T, =2ps, and
0,(0)/Q,(0) = 0.9 is depicted in figure 1. At early
times, when the two coherent amplitudes Q,(¢) and
Q-(t) are not yet affected by the exponential decay,
the signal is strongly modulated by the frequency
difference Aw. At later times the more rapidly
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Coherent Anti-Stokes Signal Ca.u.]

<3 | ] |
10 0 5 10

Delay Time tg Cpsl

Fig. 1. — Coherent Raman signal calculated for two
simultaneously excited molecular modes with the fre-
quency difference Aw = 10%s™! (& 53 cm~"'). The initial
amplitudes have a ratio of Q,,/Qy = 0.9 and dephasing
times T, = 6 ps and T, =2 ps. The modulation of the
signal decreases with the shorter one of the two dephasing
times.

decaying coherent amplitude, and with it the modu-
lation, vanishes. Data similar to figure 1 allow the
determination of the two dephasing times and the
frequency difference Aw.

For more complicated situations equations (3) and
(4) permit the numerical analysis of the experimental
data. With a least square-fit procedure one may
deduce the molecular parameters such as dephasing
times and frequency differences, by minimizing the
difference between the experimental data and the
theoretical curves. As shown below, the molecular
quantities may be determined with high precision.

An alternative possibility to obtain the frequency-
domain information from the time domain data is
the straight forward application of a Fourier transfor-
mation [7]. As discussed in the literature it is advan-
tageous to multiply the experimental data by a
correction function, which compensates the expo-
nential decay of the signal within the boundaries of
the experimental time range. In this way the calcu-
lated line shape is not Lorentzian, and the accuracy
of the line positions is improved.

3. Experimental.

The experimental system is depicted schematically in
figure 2. Pulses from a mode-locked argon-ion laser
synchronously pump two dye lasers. The specially
designed femtosecond unidirectional ring (UDR)
dye laser [16, 17] contains an amplifying jet (dye
Rhodamine 6G) and an absorber jet (dye DODCI).
The laser emits pulses with a duration of 80 fs at
A = 625 nm with an average power of 30 mW. The
pulses from this laser provide us with the exciting
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Picosecond
Dye Laser

éz' Femtosecond BS

UDR-Dye Laser

W, Ws
/A2
ML Polarizer
Art Variable
lon Delay I‘Q
Laser
Sample
Crossed
Polarizer
PM SP
Spectrometer
Fig. 2. — Experimental set-up used for Fourier transform

coherent Raman spectroscopy. A mode-locked argon-ion
laser synchronously pumps a femtosecond unidirectional
ring dye laser (frequency w,) and a tunable picosecond
dye laser (frequency wg). Excitation is done with a
synchronized pair of pulses at w, and wg, while the
probing pulses at w, , are produced by a beam splitter BS
from the femtosecond laser pulses w,_. The coherent anti-
Stokes light generated via the probing pulse is recorded as
a function of the time delay adjusted by the variable delay
line.

pulses E, and, via the beam splitter BS, with the
probing pulses E| ,. The second laser is a standard
synchronously mode-locked picosecond dye laser
with amplifying dyes DCM or Pyridine 2 and a three-
plate birefringent filter as a tuning element (power
30 mW). When tuned through the red and the
infrared part of the spectrum, pulses Eg at the Stokes
frequency wg of 6 ps duration are generated. The
femtosecond pulses from the UDR laser and the
picosecond pulses of the second laser, both with
parallel polarization, serve to excite molecular vi-
brations with a tuning range between 300 cm~! and
3000 cm™". It can be derived from equation (1) that
the driving force exists only for the time duration of
the shorter of the two pulses, i.e. for a time of 80 fs.
A major advantage of the system is the wide
tunability of the excitation frequency w; — wg with
the help of the birefringent filter of the picosecond
laser while keeping the favorable femtosecond time
resolution. The coherent vibrational excitation is
monitored by probing pulses derived from the fem-
tosecond laser. These pulses are polarized perpen-
dicular to the excitation pulses. The three beams are
focused into the sample using a geometry appro-
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priate for anti-Stokes phase matching. The anti-
Stokes radiation E,s generated by the probing
process passes the second polarizer and is detected
in conjunction with the broad-band spectrometer SP
by the cooled photomultiplier PM. The coherent
signal is recorded as a function of the delay time (set
by the variable delay line) between the exciting and
probing pulses.

4. Fourier transform coherent Raman spectroscopy
of transitions with terahertz frequency differences.

High-resolution Fourier transform coherent Raman
spectroscopy was first reported by Graener and
Laubereau [7], who worked with light pulses of 20 ps
duration. The authors studied vibrational-rotational
transitions in CH, separated by less than 1 cm™! with
high frequency resolution of 10~ cm™!. The data
were taken over a time interval of 12ns.In the
experiment described here we extend Fourier trans-
form coherent Raman spectroscopy for the first time
to the study of large frequency differences up to
350 cm~!. To see the related beating phenomena
one requires high time resolution. For example, a
frequency difference of 350 cm~! produces a beating
pattern with peaks separated by 95fs. In order to
resolve this very rapid phenomenon, one has to
work with femtosecond light pulses. Synchronized
light pulses of approximately 80 fs duration became
available only recently [16, 17] permitting the experi-
ments reported here.

The first investigation treats vibrations in neat
pyridine and in pyridine/cyclohexane mixtures. We
study Raman active vibrations of liquid pyridine at
frequencies 991 cm™! and 1030 cm~' assigned to
two A, ring modes [18]. Both vibrations have similar
spectral width (~2.2cm~') and similar Raman
cross-sections ; they are separated by 39 cm™'. In
the Raman excitation process a frequency difference
of (w, — wg)/2mc = 1010 cm™! between the laser
and the Stokes frequency is applied. Due to the
broad spectral width of the femtosecond exciting
force of more than 200 cm~' both pyridine modes
are simultaneously excited in the experiment.
Figure 3a shows the observed anti-Stokes signal
plotted as a function of the time delay between
exciting and probing pulses. During the excitation
process at time zero the coherent signal rises to a
pronounced peak. It subsequently decays quickly
over more than one order of magnitude. Later on
the signal recovers and shows strong oscillations.
The modulation depths exceeds a factor of ten. Two
features of the coherent signal are of special interest
here : (i) the period of oscillation is approximately
0.85 ps. Consequently, the frequency difference be-
tween the two modes is 1.18 THz. (ii) The peaks of
the oscillation decay exponentially with the decay
time T,/2 = 2.55 = 0.15 ps. The depth of the oscilla-
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Fig. 3. — Time resolved coherent Raman scattering using
femtosecond time resolution. (a) Beat pattern of pure
pyridine after excitation of the two pyridine modes at
991 cm™' and 1030 cm™ . (b) Beat pattern of a mixture of
pyridine and cyclohexane. Three molecular modes are
excited.

tion slightly decreases for long observation times
indicating a difference between the dephasing times
of the two modes of 10 %.

In figure 3b we present an amazingly complicated,
but perfectly reproducible anti-Stokes pattern. A
mixture of cyclohexane and pyridine (1:1 by vol-
ume) was investigated with femtosecond light
pulses. In this case three vibrational modes with
similar 7, values beat together. They are: one
cyclohexane mode at 802 cm™! [19] and two pyridine
modes at 991 cm~! and 1 030 cm~!. We find a rich
beating structure originating from the interference
of the three modes. The frequency differences of the
excited modes are determined by the following
procedure. The exponential decay is removed by
multiplying the signal with an exponential rising
function. An appropriate window function is intro-
duced to remove the influence of the boundaries of
the time range. After these arithmetical manipula-
tions a Fourier transformation of the time-depen-
dent data gives the results shown in figure 4. Three
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Fig. 4. — Difference spectrum of pyridine and cyclohex-

ane obtained by numerical Fourier transformation of the
time resolved data from figure 3b. Note the strong peaks
at 39 cm™!, 189 cm™!, and 228 cm™!, which correspond to
the differences betweeen the three excited modes. The
highest difference frequency is Av = 6.84 THz.

sharp and pronounced peaks are found at 39 cm™!,

189 cm~! and 228 cm~!, which correspond to the
frequency differences between the three modes
excited in the mixture. The frequency width of the
three different lines is approximately 5 cm™!; this
width is due to the limited time range of observation
(e.g. 6ps in Fig.3). The background noise in
figure 4 reflects the experimental noise of figure 3
and the applied window function.

A very promising method to evaluate the exper-
imental data is the modelling of the beat pattern
according to equations (3) and (4). An example is
given in figure 5a, where we consider two modes to
simulate an extended beating pattern of neat
pyridine (redrawn in Fig. 5b for ready comparison).
Two theoretical curves are calculated for the same
set of experimental parameters. Only the difference
frequency Aw was changed by the small amount of
0.4cm™! (i.e. 1 %) from 39.2 cm™~! (broken curve)
to 39.6cm~! (solid curve). Superposition of the
experimental and calculated curves gives an im-
pressive fit over the entire time range. It is possible
to deduce a very precise frequency difference of
39.4+02cm L

Interesting results were obtained in the coherent
Raman study of liquid nitrobenzene, where we
observe the highest beat frequencies. With an excita-
tion frequency at 1 200 cm~ ! we detect a rich beating
structure. In figure 6b the coherent signal curve is
plotted on a linear scale for a time interval from
0.2 ps to 2.5 ps. An extremely rapid modulation is
found with the shortest time between subsequent
peaks of less than 100 fs. A Fourier transform to the
frequency domain reveals four strong peaks at
16cm~!, 104 cm™!, 237 cm™!, and 341 cm ™!, and a
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Fig. 5. — Time resolved coherent Raman data for liquid
pyridine. (a) Two curves calculated according to

equations (3) and (4) using the dephasing times 75,
(991 cm™'y=5.1ps and T, (1030cm™') = 4.7 ps and
the frequency differences of 39.6cm™! and 39.2cm™'.
Comparison of the calculated curves with the experimental
data of figure Sb gives a very accurate number for the
frequency difference between the two modes of Av =
39.4+02cm "

number of weaker peaks. The value of 341 cm~! or

10.5 THz corresponds to the beating of the two
nitrobenzene modes at 1000 cm™! and 1341 cm™".
Both modes were excited simultaneously in the
transient stimulated Raman process. In figure 6a we
show a beat curve calculated for the following set of

data :
v/c=1000cm~', T,=29ps
1016.4cm™!, T,=2.7ps
1104.2cm™!, T,=1.1ps
13409cm~!, T,=2.1ps

Using a least square-fit procedure to adjust the
theoretical parameters a very good agreement of the
theoretical and experimental curves is achieved. The
data analysing procedure indicates that the frequency
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Fig. 6. — Time resolved coherent Raman data for liquid

nitrobenzene. (a) The curve (calculated by a least square-
fit procedure should be compared with the results shown
below). The four vibrational components with difference
frequencies Av /c up to 340.8 cm~! are listed in figure 6b.
(b) Experimental curve of liquid nitrobenzene showing
high-frequency beat phenomena extending to frequencies
of 10.5 THz.

differences A may be determined with a precision
approaching 1072,

5. Summary.

In this paper we have extended Fourier transform
coherent Raman spectroscopy to the frequency
range of 10 THz. With this technique we are now
able to resolve terahertz phenomena with high
accuracy.

Two points are relevant : (i) the frequency resol-
ution is determined by the total time interval of the
experiment. In order to improve spectral resolution
the coherent signal has to be measured over delay
times as long as possible. Taking into account the
exponential decay of the signal with 7,/2 one
immediately finds that the spectral resolution is
directly related to the signal-to-noise ratio of the
experiment. (ii) The duration of the exciting and
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probing pulses does not influence the frequency
resolution of the experiment, but determines the
highest detectable beat frequencies to approximately
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Av . = 1/t,. Under the present experimental condi-
tions beat frequencies exceeding 10 THz are readily
detected.
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