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Femtosecond temporal probes using spectrally tailored noisy quasi-cw laser light

Dirk C. DeMott, Darin J. Ulness, and A. C. Albrecht
Department of Chemistry, Cornell University, Ithaca, New York 14853-1301

~Received 20 February 1996!

Theory and experiment are presented that suggest a new avenue for designing femtosecond temporal probes
in which multiple spatially overlapped noisy~nontransform limited! quasi-cw laser light beams are tailored in
a controllable fashion by dispersion. The generation of femtosecond probes is demonstrated experimentally by
combining the output from two distinct nanosecond pulsed dye lasers to form a single ‘‘tailored’’ beam having
a double-peaked spectral density corresponding to the superposition of emission spectra of each of the dye
lasers. The interferograms produced from this single beam display features on the time scale significantly
shorter than the autocorrelation time of either of the component beams alone. The theory, incorporating
controllable dispersion effects, correctly captures the interferometric patterns seen in noisy light two-color
frequency summing experiments and is general enough to treat experiments involving the spatially combined
emission of an arbitrary number of light sources. Concepts both of noisy light spectroscopy and of amplitude
modulated pulse shaping are applied. Applications of such tailored noisy light sources to wave-packet prepa-
ration and even photochemical control may be anticipated.@S1050-2947~97!02101-X#

PACS number~s!: 42.65.Re, 42.50.Md
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I. INTRODUCTION

For some time it has been known that femtosecond s
molecular dynamics can be probed by laser pulses of l
duration provided the light is noisy1 and possesses sufficie
bandwidth to have an autocorrelation time on the femtos
ond time scale@1#. The noisy light has an autocorrelatio
time similar to the autocorrelation time of transform limite
light pulses of equivalent bandwidth although the noisy lig
can, in principle, be cw.

Noisy light interferometry may be introduced into any
all of the optical spectroscopies—linear and nonlinear—
achieve time resolution comparable to that available w
coherent femtosecond pulses@2#. Nevertheless these tw
light sources are different in two fundamental ways. Fir
the noisy source, though pulsed, is effectively nearly c
tinuous~or quasi-cw! as well as more energetic than the fem
tosecond source, which is a true ultrashort pulse in time
either case one must be careful not to overdrive a lo
sample~and thereby invalidate the perturbative approach
light-matter interaction!. For the typical nanosecond nois
light pulse the total energy upon a sample usually exce
that of a typical~amplified! femtosecond pulse by an order
magnitude. Thus, noisy light experiments must be relativ
concerned about overdriving the sample at the linear le
~bleaching, photochemistry, etc.!, while in femtosecond
work, where peak powers can exceed those of a noisy l
source by orders of magnitude, one must be concerned a
invalidating the perturbative approach at the nonlinear le
To date in applications of either method these distinct pot
tial problems have been successfully circumvented~by con-
trolling both the incident flux and degree of focusing!. More

1Here ‘‘noisy’’ is used to describe light, the frequency comp
nents of which have relative phases sufficiently indeterminate to
modeled using a noise function obeying complex Gaussian st
tics.
551050-2947/97/55~1!/761~11!/$10.00
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fundamentally, the quasi-cw nature of the noisy light sou
inherently limits the dynamic range of noisy light interfe
ometry. There is always a ‘‘background’’ signal. Howeve
depending on the spectroscopy, this background can be
eral orders of magnitude weaker than the principal region
the interferogram, thus offering a dynamic range compara
to that of a femtosecond pulse@3#.

A second fundamental distinction between the two kin
of sources concerns the concept of ‘‘cross-color’’ coheren
While both sources may share identically broad spectra,
fields from a noisy source possess random relative ph
among the available colors. There is no cross-color coh
ence; the field correlators are ‘‘color locked.’’ A femtose
ond pulse, whether chirped or truly transform limited, co
sists of fields characterized by nonrandom relative pha
among the colors. As a consequence, the nature of their
tion on a material, and the dynamics that are probed,
differ in important, complementary ways. For example, it h
been shown how in time-resolved coherent Raman spec
copy @4# where the available spectral width can drive tw
Raman oscillators, the coherent femtosecond source prov
only the beat frequency between the oscillators and the a
metic mean of their vibrational dephasing rate constants
contrast, because of color locking, noisy light interferome
~joined with a monochromatic field! having only a 2:1 dy-
namic range easily recovers both the Bohr frequency and
dephasing rate constant for each oscillator with high pre
sion. Another interesting distinguishing example would a
pear in pump-probe femtosecond experiments—a stan
method for probing ultrafast events with coherent femtos
ond pulses. At the pump step the femtosecond source
duces new state populations and~because of cross-colo
phase locking! vibrational wave packets can be created. T
wave packets may appear in both the upper and in the lo
electronic surface of the resonant chromophore. As
pump-probe time delay is increased Bohr frequency osc
tions are seen in the probe signal that decays according to
vibrational coherence dynamics of the wave packet bu
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also entangled with population decay. In the same exp
ment with noisy light the principal term involves a pum
step that is not cross-color phase locked so it is unable
produce a coherent vibrational wave packet on an individ
chromophore. Instead the pump step is color locked and
only leave a population in some vibrational state in the
cited electronic state surface. However, since the probe
~heterodyned! may color lock on a different vibronic trans
tion ~or on the same one! the Bohr frequency is exposed a
difference beats in the white detected interferogram. Bu
turns out that the decay of these oscillations will be a m
sure of the dynamics of the vibronic coherence prepare
the first half of the pump step~vibronic coherence times
would be measured!. It will not measure the vibrational co
herence dynamics nor will the principal component of t
signal be entangled with population decay as in the exp
ment with femtosecond pulses. Often vibronic dephas
times can be very short and may easily be less than
period of many low-frequency vibrational modes thus lea
ing their oscillations overdamped and undetected. Howe
larger vibrational frequencies, normally outside of the sp
tral reach of coherent femtosecond light, need not be o
damped. These can be studied using multicolored noisy l
sources such as those presented in this paper. Finally, w
the dynamics of polyatomic chromophores are the subjec
study their characteristic multilevel systems cause both
perimental approaches to be entangled~but in different
ways! with dynamics that can be more determined by
spectral width of the light than the molecule-bath interact
of interest.

It is becoming increasingly apparent that ultrafast m
surements based on noisy light interferometry provide th
own unique view of material dynamics. It is therefore use
to explore ways of tailoring new noisy light sources. Sin
such sources are not cross-color phase locked such tailo
can be relatively straightforward and, as we shall s
achieved simply by superposing sources derived from se
rate lasers. A review of many noisy light experiments with
discussion of the practical advantages and disadvantage
been given by Kobayashi@5#.

It is shown here that when composite spectral densi
are achieved by combining two or more nontransform li
ited quasi-cw2 sources collinearly to form one beam, nonli
ear autocorrelation interferograms are generated that ex
fringes capable of better temporal resolution than poss
from one noisy source alone. Recently@6# the first applica-
tion of this capability has been demonstrated in a three-c
interferometric coherent Raman scattering experiment wh
two of the colors are derived from a two-color tailore
source such as that analyzed here. Sub-thirty femtosec
light-matter beats are seen where the autocorrelation time
each separate noisy light source exceeds 100 fs. In princ
by tailoring spectra beyond simple broadband sources
can in fact customize the shape of the autocorrelation fu
tion at any order. Customized temporal probes have b
demonstrated in the ultrashort pulse domain@7,8#. Pulse

2The term ‘‘quasi-cw’’ is used because the pulse duration exce
the femtosecond time scale of the interferogram by several orde
magnitude.
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shaping with real femtosecond pulses involves progra
mable liquid-crystal arrays that modulate the amplitu
and/or phase to produce tailored ultrashort pulses@9#. Such
controllability should provide a sophisticated tool for sele
tively producing wave packets and driving photochemi
reactions@7,5,10#. Both theory and experiment show that th
tailored field can be used in the quantum control of ma
@11#. It is possible that spectrally tailored quasi-cw light m
provide another interesting approach to these problems—
that may have an advantage in terms of wavelength selec
via the choice of laser dye. However, it appears that
fundamental reasons quasi-cw light is amenable to amplit
modulation but not to phase modulation. Nevertheless,
will be shown, a pseudo-phase modulation is availa
through experimental control of the unbalanced dispersion
the two arms of the interferometer, which is essential
noisy light experiments.

The demonstration experiment is based on a dual
noisy light source with unbalanced dispersion effects for
terferometric second-harmonic generation~called I(2)SHG),
or, preferably interferometric frequency summin
I(2)FS(2),since there are two distinct colors~carrier frequen-
cies! involved.3

First, a somewhat general theoretical treatment is offe
that properly captures the I(2)FS(2) signal as derived from
tailored light composed of several quasi-cw sources. Aft
wards the effects of unbalanced dispersion between the
arms of the Michelson interferometer are introduced to
pose an additional method for tailoring the light field. Ne
the general dual color noisy beam I(2)FS(2) experiment is
outlined and experimental details for producing a series
dual color noisy light sources are presented. The obser
I(2)FS(2) signal from three such tailored sources are p
sented and fit to theory in the section prior to concludi
remarks.

II. THEORY

A simple theory can capture the essence of the obse
I(2)FS(2) interferograms. The second-order electrical po
ization, within the zero memory approximation~ZMA !, is
presented for light fields containing a complex noise fun
tion; the I(2)FS(2) interferogram~an intensity level signal! is
expressed in terms of the resulting four-point time corre
tion functions for the noisy quasi-cw light. These are writt
in terms of stochastically averaged noise functions, wh
are reduced to products of pair correlators that themse
are Fourier transforms of the composite spectral density
the tailored source. The theory is extended to include effe
of unbalanced dispersion within the two arms of the interf
ometer. Such differential dispersion effects prove to be s
nificant and observable. Their control offers another tool
tailoring the structure of the interferogram.

A. The general I„2…FS„2… interferogram

For convenience, the theory is formulated for scalar fie
E(r ,t)⇒E(r ,t). Consider a composite beam made of a s

ds
of

3The superscript~2! indicates that two interventions of the tailore
field drive the nonlinear process, I stands for interferometric, a
FS~2! indicates two-color frequency summing.
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55 763FEMTOSECOND TEMPORAL PROBES USING . . .
perposition ofc separate quasi-cw light fields, referred to
component light fields, thej th having real amplitudeEj

0 , a
complex noise functionpj (t), and a principal carrier fre-
quency,Ã j . These light fields are thought to issue fro
separate lasers and are taken to be completely uncorre
~other than the temporal overlap of their respective pu
envelopes!. The composite~‘‘tailored’’ ! beam enters a Mich
elson interferometer where it is split into two beams. In o
arm the composite fieldF is under fixed delay and is directe
into a sample along a laboratory unit vectorê. Thus thej th
quasi-cw field component ofF will have k vectork j5kj ê. In
the second arm the composite fieldF8 is subject to a variable
delayt relative toF by an amountt, and is directed into the
sample along a laboratory unit vectorê8. The j th quasi-cw
field component inF8 hask vectork j85kj8ê8.
ted
e

e

The electric fields associated withF andF8 are then

EF~r ,t !5(
j

c

Ej
0pj~ t !e

ik j ê•r2 iÃ j t1c.c., ~1!

and

EF8~r ,t !5(
j

c

Ej
0pj~ t2t!eik j8ê8•r2 iÃ j ~ t2t!1c.c. ~2!

The complex noise functions (pj ’s! that carry the noise as
sociated with the complex fields are assumed to be statio
and ergodic~on the femtosecond time scale! and are taken to
obey complex Gaussian statistics@12#. When these assump
tions fail, alternative formulations of spectral tailoring bas
on nonstationary statistics or fully deterministic light field
become useful.

The mth-order macroscopic electric polarization fo
m-color frequency summing, FS(m), is given by@13#
nstant,

tched
atisfied

s

lex
ct

ner
P~m!~r ,t,t!}E
2`

`

dv1dvmx~m!~2vS ;v1 , . . . ,vm!Ẽ~r ,v1!•••Ẽ~r ,vm!e2 ivSt, ~3!

wherevS[v11•••1vm and Ẽ(r ,v1) is the time transform ofE(r ,t). Whenever the ZMA holds,x (m) is a slowly varying
real function of frequency over the bandwidth of the light—hence it may be brought outside the integral as a co
xmÃ . The second-order polarization (m52) due to one action ofF and one ofF8 @noncollinear FS~2!#, becomes with Eqs.~1!
and ~2!

PFS~r ,t,t!}x2Ã(
k

c

(
j

c E
2`

`

dqjE
2`

`

dqkEj
0Ek

0p̃ j~qj2Ã j ! p̃k~qk2Ãk!e
2 i ~qj1qk!teiqktei ~kj ê1kk8ê8!•r, ~4!

where theqj ,(k)’s are dummy frequency variables centered about the nominal carrier frequencies,Ã j ,(k) , of the component
frequencies~n.b., whenj5k theqk remain independently variable, so one is accented:q̀ j is distinct fromqj ). The p̃ j ’s are the
Fourier transforms4 of the pj ’s. The new FS~2! field launched by the second-order polarization isEFS(t,t)
}*dreik jk•rPFS(r ,t,t). This leads to the phase-matching conditionk jk5kj ê1kk8ê8, wherek jk is the signalk vector of the
FS~2! field produced by thej th andkth component of the composite beam. It should be noted that the optimally phase-ma
alignment of a summing crystal is different for different component color pairs, so one is forced experimentally to be s
with some compromise alignment. Collection of all the signal fields on the detector is, however, not a problem.

The phase-matched I(2)FS(2) signal is detected~and stochastically averaged! at the intensity level. Its intensity become

I FS~t,t !}^EFS* ~t,t !EFS~t,t !&}x2Ã
2 (

k

c

(
j

c

(
l

c

(
m

c E
2`

`

dqjE
2`

`

dqkE
2`

`

dqlE
2`

`

dqmEj
0Ek

0El
0Em

0

3^ p̃l* ~ql2Ã l ! p̃m* ~qm2Ãm! p̃ j~qj2Ã j ! p̃k~qk2Ãk!&e
i ~qk2qm!te2 i ~qj1qk2qlqm!t, ~5!

where the^ & indicates a stochastic average over the noise. Since thep̃ j ’s obey complex Gaussian statistics, the comp
Gaussian moment theorem can be employed to break the four-point correlator in~5! into two terms, each containing a produ
of pair ~two point! correlators. The four-point correlator becomes

^ p̃l* ~ql2Ã l ! p̃m* ~qm2Ãm! p̃ j~qj2Ã j ! p̃k~qk2Ãk!&5^ p̃l* ~ql2Ã l ! p̃ j~qj2Ã j !&^ p̃m* ~qm2Ãm! p̃k~qk2Ãk!&1^ p̃l* ~ql

2Ã l ! p̃k~qk2Ãk!&^ p̃m* ~qm2Ãm! p̃ j~qj2Ã j !&. ~6!

4It should be noted that thep’s do not have a Fourier transform in the usual sense because they extend over all time. However, Wie@14#
showed through generalized harmonic analysis that the ‘‘transform’’ of thep’s does in fact have meaning.
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Given that the noise functions of thec individual component
fields are mutually uncorrelated and that for every pair c
relator involving one component field the frequencies in t
pair correlator ared-function correlated@12# due to station-
arity of thep’s, one writes

^ p̃ j* ~a! p̃k~b!&5Jj* ~a!d~a2b!d jk5Jk~b!d~b2a!d jk ,
~7!

where Jj ,(k) is the intensity level spectral density of th
pj (k) and the Kroneckerd function,d jk forbids any correla-
tion between colors indexed byj andk ~for all jÞk). With
Eq. ~7!, Eq. ~6! becomes

^ p̃l* ~qk2Ã l ! p̃m* ~qm2Ãm! p̃ j~qj2Ã j ! p̃k~qk2Ãk!&

5Jj~qj2Ã j !d~qj2ql !Jk~qk2Ãk!d~qk2qm!d j ldkm

1Jk~qk2Ãk!d~qk2ql !Jm* ~qm2Ãm!

3d~qm2qj !dmjd lk . ~8!

The Kroneckerd functions serve to ‘‘color-lock’’ the com-
ponent fields and reduce the four-fold sum in~5! to a twofold
sum, however, leaving the four integrations over independ
q variables, though now as two pairs, with partners dis
guished by the accent. Thus for the first term in Eq.~8! one
finds that ql⇒q̀ j , qm⇒q̀k and for the second term
qm⇒q̀ j , ql⇒q̀k . The Dirac d functions serve to furthe
‘‘frequency lock’’ the intensity level~pair correlator! contri-
butions of each frequency within each quasi-cw compon
light source. Inserting Eq.~8! into ~5!, absorbing thex2Ã

2

into the proportionality constant, and performing the tw
trivial q̀ integrations one obtains

I FS~t!}(
j

c

(
k

c

I j I kE
2`

`

dqjE
2`

`

dqk@Jj~qj2Ã j !

3Jk~qk2Ãk!1Jk~qk2Ãk!Jj* ~qj2Ã j !

3ei ~qk2qj !t#, ~9!

where I j (k)}(Ej (k)
0 )2. The t dependence has vanished f

these stationary fields.
-
t

nt
-

nt

1. The first term in (9)

The first term in~9! ~defined asN) can be rewritten as

N5(
j

c

(
k

c

I j I kE
2`

`

dqjE
2`

`

dqkJj~qj2Ã j !Jk~qk2Ãk!

5H(
j

c

I jE
2`

`

dqJj~q2Ã j !J 2. ~10!

The subscript on theq has been dropped without loss o
generality. Changing the order of summation and integrat
one finds simply an integral over the intensity weighted co
posite spectrum,( j I jJj (q2Ã j ). It contributes only to the
t-independent background.

2. The second term in (9)

The second term in brackets in~9! is t dependent. Again
the sums and integrals can be interchanged and written

(
j

c

(
k

c

I j I kE
2`

`

dqjJj* ~qj2Ã j !e
2 iq jt

3E
2`

`

dqkJk~qk2Ãk!e
iqkt

5U E
2`

`

dq(
k

c

I kJk~q2Ãk!e
iqtU2, ~11a!

where again the subscript on theq is dropped. Equation
~11a! is just the mod-square of the Fourier transform of t
same intensity weighted composite spectrum of the tailo
light beam as in Eq.~10!. This form will be picked up again
in the Appendix where tailored beam interferometry is e
amined from a different point of view. A useful alternativ
expression for the sums and integrals over the second ter
~9! is obtained with the change of variableqj ,(k)8
5qj ,(k)2Ã j ,(k) :
(
j

c

(
k

c

I j I kE
2`

`

dqjJj* ~qj2Ã j !e
2 iq jtE

2`

`

dqkJk~qk2Ãk!e
iqkt

5(
j

c

(
k

c

I j I ke
2 i ~Ã j2Ãk!tE

2`

`

dqj8Jj* ~qj8!e2 iq j8tE
2`

`

dqk8Jk~qk8!eiqk8t. ~11b!

Equation~11b! will be used below for a tailored beam consisting of two-component Gaussian beams.
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The sum of Eq.~10!, as unity, and Eq.~11b! gives for the complete I(2)FS(2) interferogram

I FS~t!}11N21(
j

c

(
k

c

I j I ke
2 i ~Ã j2Ãk!tE

2`

`

dqj8Jj* ~qj8!e2 iq j8tE
2`

`

dqk8Jk~qk8!eiqk8t. ~12!
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Though this result is for an interferogram that is free of a
consideration of unbalanced dispersion effects in the in
ferometer, the general aspects of the tailored light autoco
lation interferogram are seen. There are fringe patterns a
ing from the cross product of distinct component quasi-
beams~the e2 i (Ã j2Ãk)t factor!. These are damped by th
Fourier transforms of the component spectral densities
produce the envelope of the fringe pattern. An alternat
formulation is presented in the Appendix in which the co
posite beam is treated as a single field having a complic
spectral density. The same results are obtained but now
pressed in terms of the single composite spectrum rather
a weighted sum of component spectra. When this view
taken, there is a simple Fourier relationship between
composite spectrum and the autocorrelation trace. As see
~A10! thet-dependent partof the I(2)FS(2) interferogram is
the mod-square of the Fourier transform of the compo
spectral density.

B. Introduction of the effects of dispersion

With dispersive elements in the beam path~s! the bluer
light components of the tailored field will suffer a great
phase lag than will the redder components. However, ev
pair correlator involves one field action each fromF and
F8 and is frequency locked@Eq. ~7!#. This implies that as
long as the dispersive effects experienced for every
quency inF in one arm of the interferometer and the sam
frequency inF8 in the other arm are exactly balanced,~12!
can still serve as the proper expression for the I(2)FS(2) in-
terferogram. Fully balanced dispersive effects assure tha
two fields in each frequency-locked pair correlator expe
ence the identical dispersion-induced delay. Thus the zer
the interferometric delay (t) remains the same for each an
every pair correlator with or without dispersion effects
long as these are exactly balanced between theF and F8
arms and~12! holds. By contrast, ultrashort pulses are n
immune to such dispersive effects~even when balanced! be-
cause the pulse is in fact temporally broadened~it is chirped!
and this has drastic effects on its time resolution~the auto-
correlation!. In this sense the present tailored fields cons
ing of many colors of quasi-cw beams have an advantag

However, as soon as the dispersive effects experience
F andF8 are not balanced new features arise. Now for a
given color and frequency-locked pair correlator one fi
member ~in F) of the pair correlator experiences
dispersion-induced delay that differs from its partner~in
F8) and hence requires a compensating offset int with re-
spect to the peak for the case of balanced dispersion.
magnitude of thisdifference~the offset! is very dependent on
the locked color involved in a given pair correlator. A sing
setting oft can now no longer simultaneously maximize t
individual interferograms stemming from a colorj pair cor-
y
r-
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relator and a colork pair correlator. This conflict not only
leads to a reduction in the contrast ratio of the to
I(2)FS(2) interferogram but also to curious changes in
fringe pattern. Alternatively, control over the relative pha
lag betweenF andF8 for each color can offer an interestin
additional tool for tailoring the I(2)FS(2) interferogram. A
simple realistic example is an interferometer having an
fective thickness of quartz or glass that differs significan
~many mm to a few cm! between its two arms. Changing th
thickness in one arm will control the degree of imbalance
the dispersion effects.

Unbalanced dispersion effects can be introduced into~12!
simply by assigning to each component central frequency
own compensating offset at the delay line inF8, t i for Ã i .
~We shall assume for analytic convenience that this effec
constant over the bandwidth of each component color.! For
exactly balanced dispersive effects the$t i% are all zero. Ex-
pression~12! now becomes

I FSd~t!}11N21(
j

c

(
k

c

I j I ke
2 i ~Ã j2Ãk!t

eiÃ jt j2Ãktk

3E
2`

`

dqj8Jj* ~qj8!e2 iq j8~t2t j !

3E
2`

`

dqk8Jk~qk8!e1 iqk8~t2tk!, ~13!

where the subscriptd refers to the I(2)FS(2) signal subject to
dispersion effects. Applications of~12! and ~13! are now
made in the context of a two-color tailored light field.

C. An example—a double Gaussian spectrum

As an example consider the tailored quasi-cw light sou
consisting of two Gaussians, one at a ‘‘red’’ carrier fr
quencyv r and the other at a ‘‘blue’’ carrier frequencyvb .
The widths of these Gaussians are characterized by the
rametersG r and Gb , respectively. The intensity weighte
composite spectral density is just

I rJr~qr2v r !1I bJb~qb2vb!

5Are
2~qj2vr !

2/4Gr
2
1Abe

2~qb2vb!2/4Gb
2
,

~14!

where theAr ,(b) are constants such that this special comp
ite spectral density~left-hand side! is normalized to unity.
For this special two-color model~12! becomes
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I FS~t!}11Ar
2e22Gr

2t21Ab
2e22Gb

2t2

1ArAbe
2Gr

2t22Gb
2t2@e2 iDbrt1eiDbrt#, ~15!

where Dbr[vb2v r . And for the special case wher
At5Ab51/2 andG r

2.Gb
25G2, ~12! becomes simply

I FS~t!}11 1
2e

22G2t2@11cosDbrt#. ~16!

Modified to include unbalanced dispersion effects@as per
Eq. ~13!, Eq. ~15! becomes

I FSd~t!}11Ar
2e22Gr

2
~t2tr !

2
1Ab

2e22Gb
2
~t2tb!2

1ArAbe
2Gr

2
~t2tr !

22Gb
2
~t2tb!2@eivbtb2 ivrtre2 iDbrt

1e2 ivbtb1 ivrtreiDbrt#. ~17!

Consider the difference between the blue-red offs
tbr5tb2t r , and sett r50 without loss of generality. Now
tb5tbr and Eq.~17! becomes

I FSd~t!}11Ar
2e22Gr

2
~t!21Ab

2e22Gb
2
~t2tbr!

2

1ArAbe
2Gr

2
~t!22Gb

2
~t2tbr!

2
@cos~vbtbr!cosDbrt

1sin~vbtbr!sinDbrt#. ~18!

The robustness of the interferogram is very strongly dep
dent upon the stability oftbr , because it appears with a
optical frequencyvb . Jitter intbr of more than;1 fs would
destroy the signal due to averaging the sine and cosine
tors. Physically,tbr corresponds to the separation of t
peaks of the second and third terms of~18!—the separation
between the red-only interferogram and the blue-only in
ferogram. Furthermore the fluctuations intbr require
frequency-dependentfluctuations ~otherwise tbr cannot
change!, which may be due to, for example, unbalanced d
sity ~thermal! fluctuations in air or the optics between th
two arms of the Michelson interferometer. These are app
ently of very minor significance as is evident from the rob
experimental I(2)FS(2) interferograms seen in the present
periment.

To illustrate, Fig. 1 shows plots of Id
(2)FS(2) interfero-

grams@~18! with Gb.G r[G] in terms of reduced variable
(x5Gt, xbr5Gtbr , wr ,(b)5v r ,(b) /G) for six different val-
ues of the reduced offset imbalancexbr . It is noticed that as
xbr increases, the peak-to-background contrast ratio of
interferograms diminishes, as anticipated. Interestingly,
phase of the fringe beating also changes sensitively to
duce a variety of interferograms including asymmetric on

III. EXPERIMENT

A general double noisy beam noncollinear I(2)FS(2) ex-
periment consists of two dye lasers pumped by a sin
Nd:YAG laser each operating at zeroth-order diffracti
such that much of the emission spectrum of the dye is e
ted from the cavity. The two separate beams are made
linear to form a new beam having the composite spec
density of the two dye sources. The composite beam is n
used in exactly the same manner as would be a noisy b
t,

n-

c-

r-
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r-
t
-

e
e
o-
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w
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from a single source in noisy light experiments@1#. Briefly,
the beam is sent through a Michelson interferometer. Eme
ing from the interferometer are twin parallel beams (F and
F8), each having the identical composite spectral density
with F8 in one arm having been delayed relative toF in the
other arm by a variable delayt. These beams, with distinc
k vectors, are focused into a doubling crystal~KDP, for ex-
ample!. The beams~fundamental and summed frequencie!
that exit the crystal are coarsely spectrally filtered to blo
the fundamentals and spatially filtered to isolate only tho
summed frequencies derived from a single action by eac
F and F8 in the second-order process~noncollinear fre-
quency summing!. The general setup is shown in Fig. 2.

The two dye lasers~Spectra Physics!, PDL1 and PDL2,
are operated at zeroth-order diffraction and pumped at 10
by the same Nd:YAG laser~Spectra Physics!. PDL1 initially
contains rhodamine 590 (lmax;561 nm! in MeOH; PDL2
contains rhodamine 610 (lmax;580 nm! in MeOH ~both
dyes from Exciton!. The resulting beams are combined by
beam splitter~bs1 in Fig. 2!. The composite beam is firs
propagated 22 m past the interferometer to confirm that
beams are effectively collinear—to within less tha
231024 rad. Once such collinearity is achieved the comp
ite beam~no longer propagated 22 m! is then sent directly
into the Michelson interferometer to produce twin paral
beams (F and F8). F8 is delayed with respect toF by a
retroreflecting mirror mounted on a dc actuator~Control
Techniques! that is computer controlled.A;1 cm single

FIG. 1. Interferograms from~18! in reduced form plotted for
several values of the reduced blue-red offset parameter,xbr , that
expresses the unbalance dispersion effects between the two ar
the Michelson interferometer. The reducedDbr was chosen to be
1.44. At xbr50 the interferogram has a peak-to-background c
trast ratio of 2:1 and it is symmetric. Asxbr increases the contras
ratio is reduced and the interferograms acquire an asymmetric s
ture. When the offset is roughly equal to the autocorrelation time
a noisy quasi-cw component fieldxbr51 and the lower right pane
is obtained.
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sided beam splitter was used in the Michels
interferometer.5 This introduces the major source of unba
anced dispersion effects measured by the relative blue
off-set timetbr . The parallel~but not collinear! beamsF and
F8 are sent through a cubic polarizer and into an 18-cm fo
length achromatic lens, which focuses the beams with
proximatek vectorsk andk8 into a 1-mm-thick KDP crystal
~Cleveland Crystal!. The fundamentals and the frequen
sum signals emerge as shown in Fig. 2. The former
blocked by a 7-54 Corning glass filter; an iris is used
somewhat broadly spatially select the desired I(2)FS(2) sig-
nal alongks.k1k8. The signal is white detected by a ph
tomultiplier tube and converted to a digital input where a
eraging over a number of shots~usually 10! is done by a
home written data-acquisition program.

The power of each component of the composite beam
measured at the sample position by alternately blocking
output from PDL1 and PDL2 and is equalized through
use of a neutral density filter in the path of the appropri
PDL output. Since the composite beam embraces a
quency range of;500 cm21, a single orientation of the
KDP crystal cannot optimize the second-harmonic gene
tion ~SHG! of each of the component beams simultaneou
Instead the crystal is tuned to achieve equal SHG from e

5The geometry is such that in one arm of the interferometerF8
trasverses the beam splitter (45° angle of incidence! three times
while in the other armF traverses it only once. The net effect is th
F8 travels through roughly 2.8 cm more quartz than doesF. For
example, the unbalanced dispersion effects for the case of q
where the ‘‘blue’’ field is 560 nm and the ‘‘red’’ field is 580 nm i
to maketbr;90 fs @15#.

FIG. 2. A schematic of the experimental setup. The compon
beams from separated sources~PDL1 and PDL2! are combined at
the beam splitter labeled bs1 to form a composite beam. The s
trum of this beam is obtained by picking off a small fraction a
directing it into a monochromator and detecting with a diode arr
The composite beam is split into twin beamsF andF8 and a rela-
tive delayt is introduced by a computer controlled Michelson i
terferometer. These twin beams emerge parallel~but not collinear!
from the interferometer and are focused into a KDP crystal. T
FS~2! signal is coarsely spatially and spectrally filtered and detec
using a photomultiplier tube~PMT!. Mirror ~m!, beamsplitter~bs!,
retroreflecting mirror~rf!, beam block~bb!, polarizer~pol.!, mono-
chromator~Mono.!, diode array~da!.
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PDL individually. That is, the selected phase-matching an
is between the optimum angles for doubling rhodamine 5
and rhodamine 610. The above conditions effectively
Ar5Ab in ~13! and ~18!.

The separation of the two peak frequencies in the co
posite source can be reduced by mixing into the rhodam
590 in PDL1 a small amount of rhodamine 610. This mov
the peak frequency of PDL1 to the red—towards that
PDL2. Sequential additions of rhodamine 610 are made
I(2)FS(2) interferograms collected until the spectral peak
PDL1 is coincident with the rhodamine 610 peak of PDL
The spectra of composite beams are obtained by picking

rtz

FIG. 3. The raw spectra for the tailored beam used in the
periment. To reduceDbr ~top to bottom! small amounts of
rhodamine 610 were successively added to the dye reservo
PDL1, which originally contained only rhodamine 590. PDL2 co
tains only rhodamine 610 and is not changed. The two-color co
posite beam is constructed of these spectra after making both c
ponents of equal intensity by using a neutral density filter to achi
equal I(2)SHG(2) signal from each color alone. The separation
the peaks,uDbru are ~a! ;400 cm21, ~b! ;220 cm21, and ~c!
;170 cm21.
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a small fraction after bs1~Fig. 2! using a glass microscop
slide. This is directed into a SPEX triple monochromator a
detected by a diode array~EG&G!. The raw spectra of three
such composite beams are shown in Fig. 3. The individ
~PDL1 or PDL2 only! I(2)SHG interferograms were sepa
rately recorded prior to the I(2)FS(2) signal from each com
posite spectrum. The relative offset~peak separation! be-
tween the individual I(2)SHG interferograms was noted an
used as a fitting parameter. The experimentaltbr ranged
from over 100 fs to less than 50 fs as theDbr is diminished.
~The values used in fitting the data are given in the lege
of Figs. 4–6.!

IV. RESULTS AND DISCUSSION

It is shown experimentally how one can construct co
plex temporal probes by combining the output of separ
dye lasers each operating in a broadband mode. Figures
and 6 show different temporal probes@as I(2)FS(2) interfero-
grams# provided by three different two-color composi
sources formed as increasing amounts of rhodamine 610

FIG. 4. I(2)FS(2) interferogram: experiment~dots!, and theory
~18! ~line!. The parameters aretbr5112 fs, G r55.4131012

s21, Gb55.0031012 s21, D̃br5401 cm21, and scaling factor of the
t-dependent expression of~18! was 0.33.

FIG. 5. I(2)FS(2) interferogram: experiment~dots!, and theory
@~18!# ~line!. The parameters aretbr574 fs, G r55.4131012

s21, Gb54.5531012 s21, D̃br5217 cm21, and scaling factor was
0.67.
d
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added to PDL1. In each case the right-hand side of Eq.~18!
with Ar5Ab51/2 is used to fit the data. Thevb and Dbr
parameters come from the composite spectrum~Fig. 3! and
G r ,(b) , tbr are obtained from the individual~PDL1 or PDL2
only! I(2)SHG interferograms. The spectral peak separat
D̃br ~the circular frequencyDbr is expressed in wave num
bers D̃br) of the PDL1 and PDL2 beams decreases fro
;400 cm21 in Fig. 4 to the;170 cm21 in Fig. 6. The
parameters are listed in the captions of the respective figu
The significant role of the unbalanced dispersive effects
evident~cf. Fig. 1! where the contrast ratio is seen to dimi
ish and the symmetry of the interferogram is destroyed.

Across Figs. 4–6 the interferometric time resolution
the fringe pattern is better~less than 100 fs in the case of Fig
4! than that of either one of the component beams that h
interferometric time resolution similar to that of the envelo
of these fringes (;180–200 fs!.

Basic aspects of Fourier transform theory are manifes
this experiment. The separation of the spectral peaks de
mines the period of the fringes seen in the temporal dom
with large separations yielding shorter oscillation perio
The spectral width~controlled by the widest of the two com
ponent spectra! determines the temporal ‘‘envelope.’’ Fur
ther, when the two Gaussian components have differ
widths the contrast in the fringes is reduced—their troug
do not reach the background level~see especially Figs. 4 an
6!. The introduction of unbalanced dispersion effects ad
another experimental parameter that may be used to
struct a wider variety of interferograms. Asymmetrical trac
can also be obtained when unbalanced dispersion effects
included as seen in Fig. 1and is evident from the experim
tal data~Figs. 4–6!. When the dispersion effects felt byF
andF8 are balanced, the I(2)FS(2) interferograms must b
symmetric, a point that remains to be demonstrated.

It must be mentioned that the peak-to-background ratio
these observed I(2)FS(2) interferograms is significantl
less than 2:1. With balanced dispersion effects, the
requires a 2:1 peak-to-background contrast ratio@Eq. ~12!—
~I FS!~t!52 for t50 and 1 fort→`]. In theory unbalanced
dispersion can reduce the contrast ratio to as low as 1.25
an extreme (xbr@1). This reduction of peak-to-backgroun

FIG. 6. I(2)FS(2) interferogram: experiment~dots!, and theory
@~18!# ~line!. The parameters aretbr545 fs, G r55.5531012

s21, Gb54.5531012 s21, D̃br5167 cm21, and scaling factor was
0.54.
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contrast ratio with increasing differential offset is evident
the series of six reduced interferograms shown in Fig.
However, unbalanced dispersion effects cannot quite acc
for all of the experimental deviation from the 2:1 ideal rat
In the experiments a general trend is noticed where, as
spectra of the two dye lasers move closer~diminishing
tbr), the contrast ratio strengthens~see Figs. 4–6!. This is
qualitatively consistent with the effects of unbalanced disp
sion. But in general any imperfections in the experime
~scatter, etc.! are in any case strongly biased towards low
ing the contrast ratio. Other noisy light experiments that h
been performed with the same lasers show a correlatio
the light fields that decays on a time scale of tens of pi
seconds corresponding to the coherence time of the Nd:Y
pump laser. On the femtosecond time scale, this slow co
lation decay manifests itself by contributing to the apparen
t-independent background signal. The actual contrast r
would then be greater than that which is observed in an
terferogram limited to only a few hundred femtoseconds.
these various reasons we have chosen simply to scale
magnitude of thet-dependent term in~18! in order to best fit
each of the observed Id

(2)FS(2) interferograms.

V. CONCLUSION

In the ultrashort pulse area of study, efforts have be
made to shape the pulse envelope through phase or am
tude modulation@7–9#. Here it has been shown how a sing
noisy beam can be constructed of two~or more! quasi-cw
light sources to produce complex I(2)FS(2) interferograms
whose fringes offer the potential for constructing tailor
temporal probes and obtaining shorter time resolution t
available from a single noisy light source. This appears to
the quasi-cw light analog of amplitude modulation pu
shaping. One advantage of the composite light is that
available spectral domain likely exceeds that for short puls
In principle one could combine nontransform limited sourc
of any color and in fact combine any number of beams wh
could lead to extremely short autocorrelation times and
teresting tailored autocorrelation traces. In addition, the c
trolled introduction of unbalanced dispersion effects into
interferometer offers yet another adjustable parameter of
tential use in constructing particular autocorrelation profil
A practical complication for any source having a broad sp
tral range is obtaining a clean focus. Also, for phase-matc
spectroscopies, simultaneous phase matching for all the
ors contained in the beam is unlikely. This would be less
a problem for the~nearly! degenerate wave mixing spe
troscopies such as coherent Raman scattering, photon
oes, etc., than for frequency summing, since in those c
the signal frequency approaches that of the input frequenc
Nonetheless, this composite light source may have app
tions in wave-packet production and control. The lack
cross-color coherence for noisy light~noisy light correlators
are color locked! is complementary to the phase-locked n
ture of coherent femtosecond pulses and is of fundame
importance in the types of wave packets produced in a gi
experiment. More complicated temporal probes and w
packets could serve as elegant tools in areas of photoph
and nonlinear optics where wave-packet dynamics is of
terest@8,10#, such as in the study of solvent-system intera
.
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tions in the condensed phase and the dynamics of custom
intrachromophore wave packets. Additionally, tailored lig
probes are of interest in studying and controlling pho
chemical reactions where complicated driving functions
termined from quantum-mechanical calculations have b
shown ~in simulations! to selectively emphasize particula
reaction pathways@8,11#. We regard as the more immedia
challenge the application of these quasi-cw tailored lig
sources to the various interferometric spectroscopies wh
quasi-cw~simple! noisy light had its beginning.
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APPENDIX: AN ALTERNATIVE FORMULATION
OF THE I „2…FS„2… SIGNAL

In the text the tailored spectrum was built explicitly o
multicolor component beams each having a simple Gaus
distribution. In this Appendix the tailored light source
viewed as a single quasi-cw source with a complicated sp
tral density having a single nominal carrier wave frequen
Ã. ~Let Ã define some reference frequency in the spectr
of the tailored light source.! The results of the text can b
obtained from such a viewpoint. The electric fields asso
ated withF andF8 are now just

EF~ t !5E0p~ t !eik•r2 iÃt1c.c. ~A1!

and

EF8~ t !5E0p~ t2t!eik8•r2 iÃ~ t2t!1c.c. ~A2!

Now p is a single complex stochastic function that carr
the complex noise and obeys complex Gaussian statistic
is assumed to be stationary and ergodic~on the femtosecond
time scale!. However,p does not have a simple noise Gaus
ian spectrum as the component color-dependentpi ’s did in
the text. The second-order phase-matched signal field foF
andF8 frequency summing that is launched by the polariz
tion becomes

E2Ã~ t !}x2ÃE
2`

`

dqE
2`

`

dq̀p̃~q2Ã! p̃~ q̀2Ã!

3e2 i ~q1q̀!teiq̀t, ~A3!

whereq and q̀ are independent dummy frequency variab
centered aboutÃ. The I(2)FS(2) signal is detected~and sto-
chastically averaged! at the intensity level. The frequenc
summing intensity is
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I FS~t,t !}^E2Ã* ~t,t !E2Ã~t,t !&

}x2Ã
2 E

2`

`

dq8E
2`

`

dq̀8E
2`

`

dqE
2`

`

dq̀

3e2 i ~q1q̀2q́2q̀8!t

3^ p̃* ~q82Ã! p̃* ~ q̀82Ã! p̃~q2Ã! p̃~ q̀2Ã!&

3e2 i ~ q̀82q̀!t. ~A4!

Since p obeys complex Gaussian statistics, the four-po
correlator can be factored into pair correlators:

^ p̃* ~q82Ã! p̃* ~ q̀82Ã! p̃~q2Ã! p̃~ q̀2Ã!&

5@^ p̃* ~q82Ã! p̃~q2Ã!&^ p̃* ~ q̀82Ã! p̃~ q̀2Ã!&

1^ p̃* ~q82Ã! p̃~ q̀2Ã!&^ p̃* ~ q̀82Ã! p̃~q2Ã!&#.

~A5!

Due to stationarity the frequency ared-function correlated,
allowing Eq.~A5! to be written as

^ p̃* ~q82Ã! p̃* ~ q̀82Ã! p̃~q2Ã! p̃~ q̀2Ã!&

5@J* ~q82Ã!d~q82q!J~ q̀2Ã!d~ q̀2q̀8!

1J* ~q82Ã!d~q82q̀!J~q2Ã!d~q2q̀8!#. ~A6!

Substituting this into~A4! and performing the two trivial
integrations one obtains

I FS~t!}E
2`

`

dqE
2`

`

dq̀@J* ~q2Ã!J~ q̀2Ã!

1J* ~ q̀2Ã!J~q2Ã!e2 i ~q2q̀!t#. ~A7!

The first term in brackets is unity for normalized spect
densities and contributes only to thet-independent back
ground. The second term in brackets ist dependent. The
integrals can be separated and written as

E
2`

`

dqJ~q!e2 iqte2 iÃtE
2`

`

dq̀J* ~ q̀!eiq̀te2 iÃt

5U E
2`

`

dqJ~q!e2 iqtU2, ~A8!
tt

-

t

l

where the change of variableq1Ã⇒q8 has been made in
the first line, followed byq8⇒q in the second line. Now, by
the familiar Wiener-Khintchine theorem@12#

E
2`

`

dqJ~q!e2 iqt5^p~t!p* ~0!&. ~A9!

We finally obtain

I FS~t!}11H u^p~t!p* ~0!&u2

U E
2`

`

J~q!e2 iqtdqU2. ~A10!

That is, thet-dependent part of the autocorrelation is det
mined by the mod-square of the Fourier transform of
spectrum of the tailored light. Equation~11a! can be put in
this form by simply definingJ(q2Ã) as the intensity
weighted composite spectrum (( j

cI jJj )

U E
2`

`

dq(
j

c

I jJj~q2Ã j !e
2 iqtU25UeiÃtE

2`

`

J~q!e2 iqtdqU2,
~A11!

which again by the Wiener-Khintchine theorem puts~12! in
the form of ~A10!.

The results for the double Gaussian example can be
covered via~A10! by realizing that the Fourier transform o
the sum of two Gaussian is also a sum of two Gaussians
with associated oscillations ofeivrt andeivbt, respectively

eiÃtE
2`

`

dqJ~q!eiqt5Are
2Gr

2t2eivrt1Abe
2Gb

2t2eivbt.

~A12!

Introducing the mod-square of Eq.~A12! into ~A10! yields

I FS~t!}11Ar
2e22Gr

2t21Ab
2e22Gb

2t2

1ArAbe
2Gr

2t22Gb
2t2@e2 iDbrt1eiDbrt#, ~A13!

whereDbr[vb2v r . Expression~15! is recovered exactly.
TheAr5Ab51/2 andG r

2.Gb
25G2, ~16! is also recovered, as

is ~18! after introducing the unbalanced dispersion effects
tt.
-

pt.
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