PHYSICAL REVIEW A VOLUME 55, NUMBER 1 JANUARY 1997
Femtosecond temporal probes using spectrally tailored noisy quasi-cw laser light
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Theory and experiment are presented that suggest a new avenue for designing femtosecond temporal probes
in which multiple spatially overlapped noigpontransform limitefl 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 anticipdt®#i050-294797)02101-X

PACS numbdis): 42.65.Re, 42.50.Md

I. INTRODUCTION fundamentally, the quasi-cw nature of the noisy light source
inherently limits the dynamic range of noisy light interfer-
For some time it has been known that femtosecond scalemetry. There is always a “background” signal. However,
molecular dynamics can be probed by laser pulses of londepending on the spectroscopy, this background can be sev-
duration provided the light is noidyand possesses sufficient eral orders of magnitude weaker than the principal region of
bandwidth to have an autocorrelation time on the femtosecthe interferogram, thus offering a dynamic range comparable
ond time scalg1]. The noisy light has an autocorrelation to that of a femtosecond pul$8].
time similar to the autocorrelation time of transform limited A second fundamental distinction between the two kinds
light pulses of equivalent bandwidth although the noisy lightof sources concerns the concept of “cross-color” coherence.
can, in principle, be cw. While both sources may share identically broad spectra, the
Noisy light interferometry may be introduced into any or fields from a noisy source possess random relative phases
all of the optical spectroscopies—linear and nonlinear—toamong the available colors. There is no cross-color coher-
achieve time resolution comparable to that available withence; the field correlators are “color locked.” A femtosec-
coherent femtosecond puls¢g]. Nevertheless these two ond pulse, whether chirped or truly transform limited, con-
light sources are different in two fundamental ways. First,sists of fields characterized by nonrandom relative phases
the noisy source, though pulsed, is effectively nearly conamong the colors. As a consequence, the nature of their ac-
tinuous(or quasi-cw as well as more energetic than the fem-tion on a material, and the dynamics that are probed, can
tosecond source, which is a true ultrashort pulse in time. Indiffer in important, complementary ways. For example, it has
either case one must be careful not to overdrive a losspeen shown how in time-resolved coherent Raman spectros-
sample(and thereby invalidate the perturbative approach tacopy [4] where the available spectral width can drive two
light-matter interaction For the typical nanosecond noisy Raman oscillators, the coherent femtosecond source provides
light pulse the total energy upon a sample usually exceedsnly the beat frequency between the oscillators and the arith-
that of a typicalamplified femtosecond pulse by an order of metic mean of their vibrational dephasing rate constants. In
magnitude. Thus, noisy light experiments must be relativelycontrast, because of color locking, noisy light interferometry
concerned about overdriving the sample at the linear levefjoined with a monochromatic fielchaving only a 2:1 dy-
(bleaching, photochemistry, efc.while in femtosecond namic range easily recovers both the Bohr frequency and the
work, where peak powers can exceed those of a noisy lighlephasing rate constant for each oscillator with high preci-
source by orders of magnitude, one must be concerned abosion. Another interesting distinguishing example would ap-
invalidating the perturbative approach at the nonlinear levelpear in pump-probe femtosecond experiments—a standard
To date in applications of either method these distinct potenmethod for probing ultrafast events with coherent femtosec-
tial problems have been successfully circumver{tgdcon-  ond pulses. At the pump step the femtosecond source pro-
trolling both the incident flux and degree of focusinylore  duces new state populations aiidecause of cross-color
phase lockingvibrational wave packets can be created. The
wave packets may appear in both the upper and in the lower
Here “noisy” is used to describe light, the frequency compo- electronic surface of the resonant chromophore. As the
nents of which have relative phases sufficiently indeterminate to beump-probe time delay is increased Bohr frequency oscilla-
modeled using a noise function obeying complex Gaussian statigions are seen in the probe signal that decays according to the
tics. vibrational coherence dynamics of the wave packet but is
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also entangled with population decay. In the same experishaping with real femtosecond pulses involves program-
ment with noisy light the principal term involves a pump mable liquid-crystal arrays that modulate the amplitude
step that is not cross-color phase locked so it is unable t@nd/or phase to produce tailored ultrashort pu[€dsSuch

produce a coherent vibrational wave packet on an mdividuaq;ontrollablllty should provide a sophisticated tool for selec-

; «fively producing wave packets and driving photochemical
chromophore. Instead the pump step is color locked and will'Ve!y P g !
only leave a population in some vibrational state in the ex_react|ons[7,5,1q. Both theory and experiment show that the

ited electronic stat ¢ However. since the orob ttailored field can be used in the quantum control of matter
cited electronic staté surtace. However, Since the probe s 1]. It is possible that spectrally tailored quasi-cw light may

(heterodynegimay color lock on a different vibronic transi- r6vide another interesting approach to these problems—one
tion (or on the same onehe Bohr frequency is exposed as that may have an advantage in terms of wavelength selection
difference beats in the white detected interferogram. But itjiz the choice of laser dye. However, it appears that for
turns out that the decay of these oscillations will be a meafundamental reasons quasi-cw light is amenable to amplitude
sure of the dynamics of the vibronic coherence prepared imodulation but not to phase modulation. Nevertheless, as
the first half of the pump stefvibronic coherence times will be shown, a pseudo-phase modulation is available
would be measurgdIt will not measure the vibrational co- through experimental control of the unbalanced dispersion of
herence dynamics nor will the principal component of thethe two arms of the interferometer, which is essential to
signal be entangled with population decay as in the experinoisy light experiments.
ment with femtosecond pulses. Often vibronic dephasing The demonstration experiment is based on a dual dye
times can be very short and may easily be less than theoisy light source with unbalanced dispersion effects for in-
period of many low-frequency vibrational modes thus leav-terferometric second-harmonic generati@alled (2)SHG),
ing their oscillations overdamped and undetected. Howevelr, preferably interferometric  frequency summing,
larger vibrational frequencies, normally outside of the spec{(?2)FS(2),since there are two distinct colofsarrier frequen-
tral reach of coherent femtosecond light, need not be overejes involved?
damped. These can be studied using multicolored noisy light First, a somewhat general theoretical treatment is offered
sources such as those presented in this paper. Finally, whegat properly captures théleS(Z) signal as derived from
the dynamics of polyatomic chromophores are the subject ofailored light composed of several quasi-cw sources. After-
study their characteristic multilevel systems cause both exwards the effects of unbalanced dispersion between the two
perimental approaches to be entanglguit in different  arms of the Michelson interferometer are introduced to ex-
ways with dynamics that can be more determined by thepose an additional method for tailoring the light field. Next,
spectral width of the light than the molecule-bath interactionihe general dual color noisy beaff)FS(2) experiment is
of interest. outlined and experimental details for producing a series of
It is becoming increasingly apparent that ultrafast meagual color noisy light sources are presented. The observed
surements based on noisy light interferometry provide theif(2Es(2) signal from three such tailored sources are pre-
own unique view of material dynamics. It is therefore usefulsented and fit to theory in the section prior to concluding
to explore ways of tailoring new noisy light sources. Sinceremarks.
such sources are not cross-color phase locked such tailoring
can be relatively straightforward and, as we shall see, Il. THEORY

achieved simply by superposing sources derived from sepa- )
rate lasers. A review of many noisy light experiments with a A Simple theory can capture the essence of the observed

. 2 H . :
discussion of the practical advantages and disadvantages Hz(as) FS(2) interferograms. The second-order electrical polar

been given by Kobayaskb]. ization, within the zero memory approximatiddMA), is

It is shown here that when composite spectral densitieé_’reseme‘j2 for light fields containing a complex noise func-
are achieved by combining two or more nontransform lim-tion; the (2FS(2) interferograntan intensity level signais
ited quasi-c\f sources collinearly to form one beam, nonlin- €xpressed in terms of the resulting four-point time correla-
ear autocorrelation interferograms are generated that exhil#on functions for the noisy quasi-cw light. These are written
fringes capable of better temporal resolution than possiblé) terms of stochastically averaged noise functions, which
from one noisy source alone. Recenfi§] the first applica- are reduped to products of pair corre!ators that themgelves
tion of this capability has been demonstrated in a three-colofr® Fourier transforms of the composite spectral density of
interferometric coherent Raman scattering experiment where tailored source. The theory is extended to include effects
two of the colors are derived from a two-color tailored ©f unbalanced dispersion within the two arms of the interfer-
source such as that analyzed here. Sub-thirty femtosecorfineter. Such differential dispersion effects prove to be sig-
light-matter beats are seen where the autocorrelation time fdificant and observable. Their control offers another tool for
each separate noisy light source exceeds 100 fs. In principi@iloring the structure of the interferogram.
by tailoring spectra beyond simple broadband sources one
can in fact customize the shape of the autocorrelation func-
tion at any order. Customized temporal probes have been For convenience, the theory is formulated for scalar fields
demonstrated in the ultrashort pulse dom@mh8]. Pulse E(r,t)=E(r,t). Consider a composite beam made of a su-

A. The general I?PFS(2) interferogram

2The term “quasi-cw” is used because the pulse duration exceeds 3The superscripf2) indicates that two interventions of the tailored
the femtosecond time scale of the interferogram by several orders dield drive the nonlinear process, | stands for interferometric, and
magnitude. FS(2) indicates two-color frequency summing.
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perposition ofc separate quasi-cw light fields, referred to as The electric fields associated withandF' are then
component light fields, th¢th having real amplitud€?, a c

complex noise functiorp;(t), and a principal carrier fre- EF(f,t)=2 E?pj(t)eikjé~r—iw1t+C_C_’ 1)
quency,w;. These light fields are thought to issue from ]

separate lasers and are taken to be completely uncorrelatggq
(other than the temporal overlap of their respective pulse
envelopes The composité“tailored” ) beam enters a Mich-
elson interferometer where it is split into two beams. In one
arm the composite fielB is under fixed delay and is directed

Into ? Sa”?p'e along a Iaboratgry unit vectDrThui th?J th sociated with the complex fields are assumed to be stationary
quasi-cw field component ¢f will havek vectorkj=kje. In - anq ergodigon the femtosecond time scakend are taken to
the second arm the composite field is SUb]eCt to a variable obey Comp|ex Gaussian Statist[(ﬁ]_ When these assump-
delay 7 relative toF by an amountr, and is directed into the tions fail, alternative formulations of spectral tailoring based
sample along a laboratory unit vecter. The jth quasi-cw 0N nonstationary statistics or fully deterministic light fields
field component irF’ hask vectork/ =k/&'. become useful. _ _ o

The mth-order macroscopic electric polarization for

m-color frequency summing, F8Y), is given by[13]

C

Er(r,t)=2>, E%p;(t— ek rimt-nice (2
]

The complex noise functiongp(’s) that carry the noise as-

P(m)(r,t,T)OCJ dwldme(m)(_wE ;(l)l, e 1wm)E(r,wl)---E(r,wm)e_i‘”it, (3)

wherews=wi+ -+ oy andE(r,wl) is the time transform oE(r,t). Whenever the ZMA holdsy™ is a slowly varying

real function of frequency over the bandwidth of the light—hence it may be brought outside the integral as a constant,
Xme - The second-order polarizatiomé& 2) due to one action df and one o’ [noncollinear F&)], becomes with Eqg1)

and(2)

C Cc
PedI b 1) X202 2 J dg f daEPELD; (0 — ))Bi( Gy~ i) e Wleltirglkerkd)r, )

where theq; 's are dummy frequency variables centered about the nominal carrier frequengigs, of the component
frequenciegn.b., whenj =k the g, remain independently variable, so one is accengeds distinct fromg;). The'ﬁj’s are the
Fourier transfornfs of the pj's. The new F®) field launched by the second-order polarization Egg(t,7)
« fdre'kik "P4(r,t,7). This leads to the phase-matching conditlgp= k]-é+ ki€, wherek;, is the signalk vector of the
FS(2) field produced by th¢th andkth component of the composite beam. It should be noted that the optimally phase-matched
alignment of a summing crystal is different for different component color pairs, so one is forced experimentally to be satisfied
with some compromise alignment. Collection of all the signal fields on the detector is, however, not a problem.

The phase-matched?lFS(2) signal is detecte@nd stochastically averagedt the intensity level. Its intensity becomes

C C Cc Cc
el )= (ERMOERd ) x50 2 2 2 2 f dqu_ quf_ dqf_ donEJERE/En,

X (P (A=) P Am— @) P; (0 — ;) Pl G — @) pe' Ok~ Am) 7 =1 (d F Ak it )

where the( ) indicates a stochastic average over the noise. Sincéa'jtbeobey complex Gaussian statistics, the complex
Gaussian moment theorem can be employed to break the four-point correlégpirito two terms, each containing a product
of pair (two poinY correlators. The four-point correlator becomes

(P (a1~ ) Pm(Am—®m)P; (0 — @) Pl A= @) = (P} (A — ) P;(d;— @) ){(Pm(Am— @ m) P( Ak — @)+ (P} (0
— ) Pr(dk— @) )P Am— ®m) Pj (A — @))). (6)

“It should be noted that the's do not have a Fourier transform in the usual sense because they extend over all time. However, Mjiener
showed through generalized harmonic analysis that the “transform” optheloes in fact have meaning.
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Given that the noise functions of tleeindividual component 1. The first term in (9)
fields are mutually uncorrelated and that for every pair cor-
relator involving one component field the frequencies in that
pair correlator areS-function correlated12] due to station-
arity of thep’s, one writes

The first term in(9) (defined as\N) can be rewritten as

(BF (2)P(b))=JF (a) 8(a—Db) 8= Ju(b) 8(b—a) &, N=2 2 l,»lkf_wdqjf_wquJj(qj—mj)Jk(qk—mk)

@)

where Jj () is the intensity level spectral density of the
Pjx and the Kroneckes function, dj, forbids any correla-
tion between colors indexed Hyandk (for all j #k). With
Eq. (7), Eq. (6) becomes

c w 2
{; |jfxdq3j(q—mj)} : (10

The subscript on the has been dropped without loss of
(Pr (A=) Pm(dm— ®m) P;(0j— @) P( Ak~ @) generality. Changing the order of summation and integration
one finds simply an integral over the intensity weighted com-
— 30— ) S8 —a)d _ S(o—0) 81 8 posite spectrumz;l;J;(q—wj). It contributes only to the
i(dj— @) 8(d; — 91) k(A= @) 8(Ak— Am) ji Skm r-independent background.

+ (A= 1) 8= A In(Am— T m)
2. The second term in (9)
X 6(dm—q:) Omidik - 8
(Gm ;) Oy ik ® The second term in brackets (@) is = dependent. Again

) the sums and integrals can be interchanged and written as
The Kroneckers functions serve to “color-lock” the com-

ponent fields and reduce the four-fold sum(% to a twofold

sum, however, leaving the four integrations over independent ¢ e

g variables, though now as two pairs, with partners distin- * . g
guished by the accent. Thus for the first term in E}.one 21: Ek: Iilkffmdqi‘]i (0= wj)e "
finds that q|:>qj , Om=0x and for the second term

qm:qj, q=0x. The Dirac § functions serve to further -

“frequency lock” the intensity levelpair correlatoy contri- xf d i (Qe— ) 9K
butions of each frequency within each quasi-cw component -

light source. Inserting Eq(8) into (5), absorbing they5,,

into the proportionality constant, and performing the two o ° iqr 2
trivial g integrations one obtains = f_mdq; hJk(a—met (113
Cc C o %
leg(T) > ; Ijlkf_wde f_ocqu[‘]j(qj_mi) where again the subscript on thpis dropped. Equation
. (113 is just the mod-square of the Fourier transform of the
X (A=) + I Qe— ) I* (i — o) same intensity weighted composite spectrum of the tailored
e light beam as in Eq(10). This form will be picked up again
x el(ak=a) ], (9)  in the Appendix where tailored beam interferometry is ex-

amined from a different point of view. A useful alternative

expression for the sums and integrals over the second term in
where Ij(k)oc(E?(k))Z. The t dependence has vanished for (9) is obtained with the change of variable;
these stationary fields. =0j, 0~ Tj, k"

C C
; Ek |j|kj7 dq]“]}k(qj_mj)eiiqufi daJi(O— ) e'9"

C C . -
=Z§Ijlke‘““r”k”f dquT(q{)e“quf dayJi(ay) €. (11b
j —® -

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 completéPFS(2) interferogram

c c
IFs<r>o<1+N*122I;Ike*‘““r“k”f dqu?(q;’)e*iqfff dai (g€ (12
j k — —

Though this result is for an interferogram that is free of anyrelator and a colok pair correlator. This conflict not only
consideration of unbalanced dispersion effects in the interleads to a reduction in the contrast ratio of the total
ferometer, the general aspects of the tailored light autocorrg{?FS(2) interferogram but also to curious changes in the
lation interferogram are seen. There are fringe patterns arigringe pattern. Alternatively, control over the relative phase
ing from the cross product of distinct component quasi-cWag betweerF andF’ for each color can offer an interesting
beams(the e™'("i~®W7 facto). These are damped by the additional tool for tailoring the ®FS(2) interferogram. A
Fourier transforms of the component spectral densities tgimple realistic example is an interferometer having an ef-
produce the envelope of the fringe pattern. An alternativeective thickness of quartz or glass that differs significantly
formulation is presented in the Appendix in which the com-(many mm to a few cmbetween its two arms. Changing the
posite beam is treated as a single field having a complicateghickness in one arm will control the degree of imbalance in
spectral density. The same results are obtained but now exke dispersion effects.

pressed in terms of the single composite spectrum rather than Unbalanced dispersion effects can be introduced (b

a weighted sum of component spectra. When this view isimply by assigning to each component central frequency its
taken, there is a simple Fourier relationship between thewn compensating offset at the delay linefn, 7; for w; .
composite spectrum and the autocorrelation trace. As seen (Ve shall assume for analytic convenience that this effect is
(A10) the 7-dependent parof the (PFS(2) interferogram is  constant over the bandwidth of each component cokor

the mod-square of the Fourier transform of the compositexactly balanced dispersive effects the} are all zero. Ex-
spectral density. pression(12) now becomes

Cc C
B. Introduction of the effects of dispersion | egy(7)oc 1+ N_lz 2 Ijlke‘i(“’i‘“’k)fei“’iﬂ““k’k
With dispersive elements in the beam pgaththe bluer Ik
light components of the tailored field will suffer a greater w .,
phase lag than will the redder components. However, every XJ dqj’J}‘(qj’)e"qJ”‘ﬁ)
pair correlator involves one field action each frdmand o
F’ and is frequency lockefEq. (7)]. This implies that as % -
long as the dispersive effects experienced for every fre- ><Jiwdqwk(q&)e*'qk“w), (13
guency inF in one arm of the interferometer and the same
frequency inF’ in the other arm are exactly balancéi?)

can still serve as the proper expression for R 8(2) in- : @ . _
terferogram. Fully balanced dispersive effects assure that thWhere the subscript refers to the P)FS(2) signal subject to

. . : .c‘ﬁspersion effects. Applications afl2) and (13) are now
two fields in each frequency-locked pair correlator experi- ; . . :
ence the identical dispersion-induced delay. Thus the zero orpade in the context of a two-color tailored light field.
the interferometric delay#) remains the same for each and
every pair correlator with or without dispersion effects as
long as these are exactly balanced betweenRhand F’
arms and(12) holds. By contrast, ultrashort pulses are not As an example consider the tailored quasi-cw light source
immune to such dispersive effe¢esven when balancede- consisting of two Gaussians, one at a “red” carrier fre-
cause the pulse is in fact temporally broadefiei$ chirped ~ guencyw, and the other at a “blue” carrier frequenay, .
and this has drastic effects on its time resolutitive auto- ~ The widths of these Gaussians are characterized by the pa-
correlation. In this sense the present tailored fields consistfametersl’, and I',, respectively. The intensity weighted
ing of many colors of quasi-cw beams have an advantage. COmposite spectral density is just

However, as soon as the dispersive effects experienced hy

F andF’ are not balanced new features arise. Now for any r3r(dr = @r) +1pJp(Gb = wp)
given color and frequency-locked pair correlator one field
member (in F) of the pair correlator experiences a - -
dispersion-induced delay that differs from its partrigr =A,e Q7o) AL A e~ (o= wb) 74Ty
F’) and hence requires a compensating offset inith re- 14
spect to the peak for the case of balanced dispersion. The
magnitude of thiglifference(the offsej is very dependent on
the locked color involved in a given pair correlator. A single where theA, ) are constants such that this special compos-
setting of can now no longer simultaneously maximize theite spectral densityleft-hand side is normalized to unity.
individual interferograms stemming from a colppair cor-  For this special two-color modél2) becomes

C. An example—a double Gaussian spectrum



766 DIRK C. DeMOTT, DARIN J. ULNESS, AND A. C. ALBRECHT 55

2.,—2r%72_ p2,—2T272 2
les(7)1+Are <7 +Ape b T8 x,- 0

—r22-122 o-ia iA 3

+AAe T T [e Mgl o], (15) Tra

No

where Ay, =wp—o,. And for the special case where

A.=A,=1/2 and'>=T'2=T"2, (12) becomes simply 3 2 1 0 1 2 3 1 2 3
Reduced Delay Reduced Delay
_ 2.2
I rg(T) 1+ 2727714 cosAy, 7). (16) 2 2
'gl.s X, = 04 '?‘)18 X, = 06
Modified to include unbalanced dispersion effg@ts per eLe @Le
S14 EM
Eqg. (13, Eq. (15 becomes i 12
21 S 1
20— 2T2(r=1)2 | p2a—202(7—7,)? . 8
IFSd(T)xl_FAre f(rmm) +Abe o7 08-3 2 -1 0 1 2 3 0 3 2 41 0 1 2 3
+ArAbe7Fr2(7* Tr)27F§(7_7 Tb)z[eiwab*ierre*iAbrT Reduced Delay Reduced Delay
2 2
_I_e—iu)b'rb-l-iwrfrreiAbrfr]. (17) E1.8 ™ 08 E18 Xy= 1.0

28 %16
L / kR

Consider the difference between the blue-red offset, gii WL g:: /M
z Z 1

o= Tp— 7;, and setr,=0 without loss of generality. Now
= Tpr and Eq.(17) becomes 3 2 1 0 1 2 3 3 2 1 0 1 2 3

Reduced Delay Reduced Delay

|psa( 7)o 1+ AZe 20707 4 AZe 2050
FIG. 1. Interferograms frong18) in reduced form plotted for

2, \2 2 2
+AAe T To(m= 00 cog wy ) COSA L, 7 several values of the reduced blue-red offset parameigr, that
. . expresses the unbalance dispersion effects between the two arms of
+SiN( @y 7pr) SINA B, 7]. (18 the Michelson interferometer. The reducag, was chosen to be

. . 1.44. Atx,,=0 the interferogram has a peak-to-background con-
The robustness of the interferogram is very strongly depent'rast ratio of 2:1 and it is symmetric. Ag,, increases the contrast

dent upon the stability of,, because it appears with an (g is reduced and the interferograms acquire an asymmetric struc-
optical frequencywy, . Jitter in7,, of more than~1 fs would  tyre. When the offset is roughly equal to the autocorrelation time of

destroy the signal due to averaging the sine and cosine fagrnoisy quasi-cw component fielg, = 1 and the lower right panel
tors. Physically,r,, corresponds to the separation of theis obtained.

peaks of the second and third terms(b8)—the separation
between the red-only interferogram and the blue-only interfrom a single source in noisy light experimeifid. Briefly,
ferogram. Furthermore the fluctuations im,, require the beam is sent through a Michelson interferometer. Emerg-
frequency-dependenfluctuations (otherwise 7,, cannot ing from the interferometer are twin parallel beanfs §nd
changg, which may be due to, for example, unbalanced den¥"), each having the identical composite spectral density but
sity (therma) fluctuations in air or the optics between the with F’ in one arm having been delayed relativeRan the
two arms of the Michelson interferometer. These are appamther arm by a variable delay. These beams, with distinct
ently of very minor significance as is evident from the robustk vectors, are focused into a doubling cryqteDP, for ex-
experimental P’FS(2) interferograms seen in the present ex-ample. The beamgfundamental and summed frequengies
periment. that exit the crystal are coarsely spectrally filtered to block
To illustrate, Fig. 1 shows plots of’FS(2) interfero- the fundamentals and spatially filtered to isolate only those
grams[(18) with I',=TI",=T"] in terms of reduced variables summed frequencies derived from a single action by each of
(X=T7, Xor =TTy, W, ()=, /T) for six different val- F and F’ in t_he second-order proc.eisoncolllinea'\r fre-
ues of the reduced offset imbalancg . It is noticed that as  quency summing The general setup is shown in Fig. 2.
Xp, increases, the peak-to-background contrast ratio of the The two dye lasergSpectra Physigs PDL1 and PDL2,
interferograms diminishes, as anticipated. Interestingly, thé@re operated at zeroth-order diffraction and pumped at 10 Hz
phase of the fringe beating also changes sensitively to prd?y the same Nd:YAG lasdSpectra PhysigsPDLL1 initially

duce a variety of interferograms including asymmetric onescontains rhodamine 590\ {,,x~561 nm) in MeOH; PDL2
contains rhodamine 610\{,,,~580 nm in MeOH (both

IIl. EXPERIMENT dyes from Exciton 'The' resulting beams are combingd py a
beam splitter(bs1 in Fig. 2. The composite beam is first
A general double noisy beam noncolline&’#S(2) ex- propagated 22 m past the interferometer to confirm that the
periment consists of two dye lasers pumped by a singldeams are effectively collinear—to within less than
Nd:YAG laser each operating at zeroth-order diffraction2x10~“ rad. Once such collinearity is achieved the compos-
such that much of the emission spectrum of the dye is emitite beam(no longer propagated 22)nis then sent directly
ted from the cavity. The two separate beams are made coirto the Michelson interferometer to produce twin parallel
linear to form a new beam having the composite spectrabeams E andF'). F’ is delayed with respect t& by a
density of the two dye sources. The composite beam is nowetroreflecting mirror mounted on a dc actuai@ontrol
used in exactly the same manner as would be a noisy beaffechniquep that is computer controlledA~1 cm single
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glass rfum a
lﬂj slide Fl[ bs2 ( ) 1
PDL1 bsl -
.__lF' f 500'8
PDL2 B 7]
— m polE_j '§O'6
<dI>lens §0.4
Q
da KDP 202
m 0
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FIG. 2. A schematic of the experimental setup. The component ?008
beams from separated sourd®DL1 and PDL2 are combined at 506
the beam splitter labeled bsl to form a composite beam. The spec- '§ ’
trum of this beam is obtained by picking off a small fraction and =04
directing it into a monochromator and detecting with a diode array. g
The composite beam is split into twin beafsandF’ and a rela- Z0.2
tive delay 7 is introduced by a computer controlled Michelson in- 0

terferometer. These twin beams emerge pardgfiet not collinear
from the interferometer and are focused into a KDP crystal. The
FS(2) signal is coarsely spatially and spectrally filtered and detected
using a photomultiplier tub€PMT). Mirror (m), beamsplitterbs), (C)
retroreflecting mirror(rf), beam block(bb), polarizer(pol.), mono- 1
chromator(Mono.), diode array(da).

17 172 174 176 178 18 182

0.8
sided beam splitter was used in the Michelson ED
interferometer. This introduces the major source of unbal- 0.6
anced dispersion effects measured by the relative blue-red 04

off-set timer,, . The paralle(but not collinear beams~ and

F’ are sent through a cubic polarizer and into an 18-cm focal 0.2
length achromatic lens, which focuses the beams with ap-
proximatek vectorsk andk’ into a 1-mm-thick KDP crystal
(Cleveland Crystal The fundamentals and the frequency

17 172 174 176 178 18 182

3
sum signals emerge as shown in Fig. 2. The former are wave numbers x10
blocked by a 7-54 Corning glass filter; an iris is used to _ _
somewhat broadly spatially select the desir&¥FS(2) sig- FIG. 3. The raw spectra for the tailored beam used in the ex-

nal alongks=k+k’. The signal is white detected by a pho- Periment. To reduced,, (top to bottom small amounts of
tomultiplier tube and converted to a digital input where av-rhodamine 610 were successively added to the dye reservoir of
eraging over a number of shotasually 10 is done by a PI_DLl, which orlglr_lally contalne_d only rhodamine 590. PDL2 con-
home written data-acquisition program. tains only rhc_;damme 610 and is not changed. The tw_o-color com-
The power of each component of the composite beam jgosite beam is cqnstrugted of these spectra after. mqklng both com-
measured at the sample position by alternately blocking thgonemé)of equal mFensﬁy by using a neutral density filter to aphleve
output from PDL1 and PDL2 and is equalized through theequal SHG(2) signal from eacrjlcolor alone. Thglseparatlon of
o . . the peaks,|A,| are (@ ~400 cmt, (b) ~220 cm™*, and (c)
use of a neutral density filter in the path of the appropriate 170 em- L
PDL output. Since the composite beam embraces a fre- '
quency range of~500 cm !, a single orientation of the
KDP crystal cannot optimize the second-harmonic generaPDL individually. That is, the selected phase-matching angle
tion (SHG) of each of the component beams simultaneouslyis between the optimum angles for doubling rhodamine 590
Instead the crystal is tuned to achieve equal SHG from eacand rhodamine 610. The above conditions effectively set
A=A, in (13) and (18).
The separation of the two peak frequencies in the com-
5The geometry is such that in one arm of the interferomgter ~ posite source can be reduced by mixing into the rhodamine
trasverses the beam splitter (45° angle of incidgrtheee times 590 in PDL1 a small amount of rhodamine 610. This moves
while in the other arnfr traverses it only once. The net effect is that the peak frequency of PDL1 to the red—towards that of
F’ travels through roughly 2.8 cm more quartz than dbesor ~ PDL2. Sequential additions of rhodamine 610 are made and
example, the unbalanced dispersion effects for the case of quart??)FS(2) interferograms collected until the spectral peak of
where the “blue” field is 560 nm and the “red” field is 580 nm is PDL1 is coincident with the rhodamine 610 peak of PDL2.

to makery,,~90 fs[15]. The spectra of composite beams are obtained by picking off
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Autocorrelation Autocorrelation

Normalized Signal

-600 -400 -200 0 200 400 600 800 750 -500 -250 0 250 500 750

Delay(fs) Delay(fs)
FIG. 4. (IFS(2) interferogram: experimefdots, and theory FIG. 6. [DFS(2) interferogram: experimeidots, and theory

(18) (line). The parameters arep, =112 fs, I',=5.41X 104 [(28)] (line). The parameters arey,, =45 fs, I',=5.55% 102
s 1, T,=5.00<10"s™ 1, A,, =401 cm %, and scaling factor of the s~! I',=4.55< 102 s~ 1, A, =167 cm %, and scaling factor was
7-dependent expression (8) was 0.33. 0.54.

a small fraction after bs{Fig. 2) using a glass microscope added to PDL1. In each case the right-hand side of(Eg).
slide. This is directed into a SPEX triple monochromator andVith A;=Ap=1/2 is used to fit the data. The, and Ay,
detected by a diode arrdEG&G). The raw spectra of three Parameters come from the composite specttéig. 3) and
such composite beams are shown in Fig. 3. The individual r,(o)+ br @ré obtained from the individuaPDL1 or PDL2
(PDLl or PDL2 Only |(2)SHG interferograms were sepa- gnly) I(Z)SHG |nterferograms. The Spectl’a| peak Sepal’atlon
rately recorded prior to thé?FS(2) signal from each com- Ay, (the circular frequencyy,, is expressed in wave num-
posite spectrum. The relative offsgbeak separationbe- bers A,,) of the PDL1 and PDL2 beams decreases from
tween the individual ®'SHG interferograms was noted and ~400 cm ! in Fig. 4 to the~170 cm ! in Fig. 6. The
used as a fitting parameter. The experimentgl ranged parameters are listed in the captions of the respective figures.
from over 100 fs to less than 50 fs as thg, is diminished. The significant role of the unbalanced dispersive effects is
(The values used in fitting the data are given in the legendsvident(cf. Fig. 1) where the contrast ratio is seen to dimin-
of Figs. 4-6) ish and the symmetry of the interferogram is destroyed.
Across Figs. 4—6 the interferometric time resolution of
IV. RESULTS AND DISCUSSION the fringe pattern is bettdless than 100 fs in the case of Fig.
) ) 4) than that of either one of the component beams that have
It is shown experimentally how one can construct com-interferometric time resolution similar to that of the envelope
plex temporal probes by combining the output of separatgyf these fringes £ 180—200 f.
dye lasers each operating in a broadband mode. Figures 4, 5, Basic aspects of Fourier transform theory are manifest in
and 6 show different temporal probies (FS(2) interfero-  this experiment. The separation of the spectral peaks deter-
gramg provided by three different two-color composite mines the period of the fringes seen in the temporal domain,
sources formed as increasing amounts of rhodamine 610 aigith large separations yielding shorter oscillation periods.
The spectral widtlicontrolled by the widest of the two com-

Autocorrelation ponent spectjadetermines the temporal “envelope.” Fur-
isf ) ' ' | ' ] ther, when the two Gaussian components have different
widths the contrast in the fringes is reduced—their troughs

L4 ] do not reach the background levske especially Figs. 4 and

6). The introduction of unbalanced dispersion effects adds
another experimental parameter that may be used to con-
struct a wider variety of interferograms. Asymmetrical traces
can also be obtained when unbalanced dispersion effects are
included as seen in Fig. 1and is evident from the experimen-
tal data(Figs. 4—6. When the dispersion effects felt by
andF’' are balanced, thd?FS(2) interferograms must be
symmetric, a point that remains to be demonstrated.

It must be mentioned that the peak-to-background ratio of
these observed (PFS(2) interferograms is significantly
less than 2:1. With balanced dispersion effects, theory

FIG. 5. [PFS(2) interferogram: experimeidots, and theory  requires a 2:1 peak-to-background contrast rgfig. (12—

[(18)] (line). The parameters are,,=74 fs, I','=5.41x10>  (IFS)(7)=2 for =0 and 1 forr—]. In theory unbalanced
s !, T,=4.55¢102 s, A, =217 cm , and scaling factor was ~dispersion can reduce the contrast ratio to as low as 1.25:1 as
0.67. an extreme X,,>1). This reduction of peak-to-background

-750 -500 -250 0 250 500 750 1000
Delay(fs)
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contrast ratio with increasing differential offset is evident intions in the condensed phase and the dynamics of customized
the series of six reduced interferograms shown in Fig. lintrachromophore wave packets. Additionally, tailored light
However, unbalanced dispersion effects cannot quite accouptrobes are of interest in studying and controlling photo-
for all of the experimental deviation from the 2:1 ideal ratio. chemical reactions where complicated driving functions de-
In the experiments a general trend is noticed where, as thermined from quantum-mechanical calculations have been
spectra of the two dye lasers move clogeiminishing shown (in simulations to selectively emphasize particular
Tor), the contrast ratio strengthefisee Figs. 4-6 This is  reaction pathway$§8,11]. We regard as the more immediate
qualitatively consistent with the effects of unbalanced disperehallenge the application of these quasi-cw tailored light
sion. But in general any imperfections in the experimentsources to the various interferometric spectroscopies where
(scatter, etg.are in any case strongly biased towards lower-quasi-cw(simple noisy light had its beginning.

ing the contrast ratio. Other noisy light experiments that have

been performed with the same lasers show a correlation in

the light fields that decays on a time scale of tens of pico- ACKNOWLEDGMENTS

seconds corresponding to the coherence time of the Nd:YAG \ye are grateful to Michael Stimson for his discussion of

pump laser. On the femtosecond time scale, this slow CorT&;se shaping in the ultrafast arena. His discussion provided
Iat_|on decay manifests itself by contributing to the apparentI%he impetus for this paper. D.J.U. also acknowledges Eric
m-independent background signal. The actual contrast ratig,ker for general advice regarding the experimental proce-

would then be greater than that which is observed in an ingres. We gratefully acknowledge NSF Grant No. CHE-
terferogram limited to only a few hundred femtoseconds. Foig311959 for support of this work.

these various reasons we have chosen simply to scale the

magnitude of ther-dependent term ifiL8) in order to best fit

each of the observe(ﬂziFS(Z) interferograms. APPENDIX: AN ALTERNATIVE FORMULATION
OF THE 1 PFS(2) SIGNAL

V. CONCLUSION In the text the tailored spectrum was built explicitly of

multicolor component beams each having a simple Gaussian

In the ultrashort pulse area of study, efforts have beenyisyriution. In this Appendix the tailored light source is
made to shape the pulse envelope through phase or ampljje\yed as a single quasi-cw source with a complicated spec-
tude modulatiorj7—9]. Here it has been shown how a single (5| gensity having a single nominal carrier wave frequency
noisy beam can be constructed of tar morg quasi-Cw o, "(| et w define some reference frequency in the spectrum
light sources to produce compleX’FS(2) interferograms  of the tailored light sourcg.The results of the text can be

whose fringes offer the potential for constructing tailoredgptained from such a viewpoint. The electric fields associ-
temporal probes and obtaining shorter time resolution thaleq withF andF’ are now just

available from a single noisy light source. This appears to be

the quasi-cw light analog of amplitude modulation pulse —

shaping. One advantage of the composite light is that the Er(t)=Eop(t)e’* ™'+ c.c. (A1)
available spectral domain likely exceeds that for short pulses.

In principle one could combine nontransform limited source

of any color and in fact combine any number of beams which

could lead to extremely short autocorrelation times and in-

teresting tailored autocorrelation traces. In addition, the con- Er/(t)=Egp(t— ek Ti=t=nicc. (A2)
trolled introduction of unbalanced dispersion effects into the

interferometer offers yet another adjustable parameter of po- i , ) ) ,
tential use in constructing particular autocorrelation profilesNOW P is a single complex stochastic function that carries

A practical complication for any source having a broad spec;[he complex noise and obeys complex Gaussian statistics. It

tral range is obtaining a clean focus. Also, for phase-matchelf @ssumed to be stationary and ergddio the femtosecond
spectroscopies, simultaneous phase matching for all the coliMe scalg. However,p does not have a simple noise Gauss-
ors contained in the beam is unlikely. This would be less of@n Spectrum as the component color-depengeist did in

a problem for the(nearly degenerate wave mixing spec- the text. The second—orgier pha;e—matched signal fieldF for
troscopies such as coherent Raman scattering, photon ech?dF’ frequency summing that is launched by the polariza-
oes, etc., than for frequency summing, since in those casd©n becomes

the signal frequency approaches that of the input frequencies.

Nonetheless, this composite light source may have applica- o o

tions in wave-packet production and control. The lack of Ezﬁ,(t)oc)(zﬁ,f dqf dgp(g—=)p(g—w)
cross-color coherence for noisy lightoisy light correlators - -

are color lockeglis complementary to the phase-locked na- Xefi(qﬂ\:])teidr, (A3)

ture of coherent femtosecond pulses and is of fundamental

importance in the types of wave packets produced in a given .

experiment. More complicated temporal probes and wavavhereq andq are independent dummy frequency variables
packets could serve as elegant tools in areas of photophysicentered abouts. The (2FS(2) signal is detecte@nd sto-
and nonlinear optics where wave-packet dynamics is of inchastically averagédat the intensity level. The frequency
terest[8,10], such as in the study of solvent-system interac-summing intensity is
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leg( 7, 0) (B3 (7,1) Eogy(7,1)) where the change of variabte+ w=q’ has been made in
" " " " the first line, followed byg’=q in the second line. Now, by
mxgmf_ dq’f_ dq'f_ dqf_ dq the familiar Wiener-Khintchine theorefi2]
xe (@t | daxae v =ppr o). a9
X(p*(q' —®)p*(q' —~@)p(q—@)p(q—w))

s We finally obtain
xe l@-ar, (Ad)

_ _ o _ [(p(r)p*(0))[?
Since p obeys complex Gaussian statistics, the four-point

© 2
correlator can be factored into pair correlators: leg(7)c1+ U J(g)e~"dq (A10)

(P*(a'—®)p*(q' —w)p(q—)p(q—®))
kg = —% Ny s That is, ther-dependent part of the autocorrelation is deter-
=[(p*(d' —®)p(d—®)){P*(q' —®=)p(q—®)) mined by the mod-square of the Fourier transform of the
+(P*(q' —®)p(q— @) {p* (4’ —w)p(q—))]. spectrum of the tailored light. Equatigfilg can be put in
this form by simply definingJ(q—w) as the intensity
(AS) weighted composite spectrurﬁil i)

Due to stationarity the frequency aefunction correlated,

allowing Eq.(A5) to be written as ?

2:

B (' —@)p (e U_quz 3(q-w)e " e‘mfiJ(q)e*inq
(5* (0" —@)B* (4’ —©)B(a—o)B(d—w)) ‘ (A1D)

— * ! ! ~ ~ ~/
A= m)ad q?J(q =)o q\) which again by the Wiener-Khintchine theorem p(tg) in
+J*(q'~w)d(q'—q)I(d—w)s(d—q)]. (AB)  the form of (A10).

. L i . The results for the double Gaussian example can be re-
Substituting this into(A4) and performing the two trivial  coyered via(A10) by realizing that the Fourier transform of
integrations one obtains the sum of two Gaussian is also a sum of two Gaussians but
with associated oscillations @ “r™ ande'“b?, respectively

= [ o[ daara-waa-w)
eime’ qu(q)eiqTZ Arefrrzq-zeiwrf_{_ Abefrﬁrzeiwbr_

+J* (- ©)d(q—w)e (4797, (A7) AL2)

The first term in brackets is unity for normalized spectral _ . _
densities and contributes only to theindependent back- Introducing the mod-square of E(A12) into (A10) yields

ground. The second term in brackets7sdependent. The 2 s 2 5
integrals can be separated and written as leg( 1)1+ AZe 27 + AZe=2b7

«® © —T2:2-12:2- —iAy,7 iAp,7
f dq\](q)e*iqTe*imTf dq‘]*(q)eidfefimr +AAe e g [e iApr7 4 @fApr 1, (A13)

whereA,,=w,— o, . Expression(15) is recovered exactly.
(A8)  TheA=A,=1/2 andl'>=T'2=T"2, (16) is also recovered, as
' is (18) after introducing the unbalanced dispersion effects.

2

=U dqJ(g)e 9"

[1] N. Morita and T. Yajima, Phys. Rev. 80, 2525(1984; S. [5] T. Kobayashi, Adv. Chem. Phy85, 55 (1994.
Asaka, H. Nakatsuka, M. Fujiwara, and M. Matsuoikéd. 29, [6] D. J. Ulness and A. C. Albrecht, iRroceedings of the Fif-
2286 (1984); R. Beach and S. R. Hartmann, Phys. Rev. Lett. teenth International Conference on Raman Spectros¢Bpy.

53, 663(1984). [2]); M. J. Stimson, D. J. Ulness, and A. C. Albrecaonpub-
[2] A. C. Albrechtet al,, Laser Phys5, 667 (1995; D. J. Ulness lished.
and A. C. Albrecht, inProceedings of the Fifteenth Interna- [7] J. P. Heritage, A. M. Weiner, and R. N. Thurston, Opt. Lett.
tional Conference on Raman Spectroscopglited by S. A. 10, 609 (1989; A. M. Weiner, J. P. Heritage, and E. M. Kir-
Asher and P. Steifwiley, New York, 1996. schner, J. Opt. Soc. Am. B, 1563(1988.
[3] D. J. Ulness and A. C. Albrecht, Phys. Rev. 38, 1081 [8] G. R. Fleming(unpublishegl
(1996. [9] A. M. Weiner, D. E. Leaird, J. S. Patel, and J. R. Wullert, Opt.
[4] M. A. Dugan and A. C. Albrecht, Phys. Rev. A3, 3922 Lett. 15, 326(1990; M. M. Wefers and K. A. Nelsonipid. 18,

(1999. 2032(1993; 20, 1047(1993.



55 FEMTOSECOND TEMPORAL PROBES USHH. . . 771
[10] N. F. Scherer, A. J. Ruggiero, M. Du, and G. R. Fleming, J.[13] P. N. Butcher and D. CotteT,he Elements of Nonlinear Optics
Chem. Phys93, 856 (1990. (Cambridge University Press, Cambridge, 1990
[11] M. Messina, K. R. Wilson, and J. L. Krause, J. Chem. Phys.[14] N. Wiener, Acta Math55, 117 (1930.
104, 173(1996. [15] The estimate was based on the dispersion formula for quartz
[12] L. Mandel and E. WolfOptical Coherence and Quantum Op- given in W. J. Tropf, M. E. Thomas, and T. J. HarriE)e
tics (Cambridge University Press, Cambridge, 199D W. Handbook of Optics |ledited by M. Basgt al. (McGraw-Hill,
Goodman Statistical OpticgWiley, New York, 1985. New York, 1995.



