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Multiphoton intrapulse interference. II. Control of two- and three-photon
laser induced fluorescence with shaped pulses
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Nonlinear optical processes are controlled by modulating the phase of ultrafast laser pulses taking
advantage of multiphoton intrapulse interference. Experimental results show orders of magnitude
control over two- and three-photon excitation of large organic molecules in solution using specific
phase functions. We show simulations on the effect of phase modulation on the second- and
third-order amplitude of the electric field spectrum, and demonstrate that the observed control is not
caused by simple changes in peak intensity. 2@3 American Institute of Physics.
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I. INTRODUCTION oms and diatomic& With adaptive control has come the
optimization of electronic population transfér’®> Raman
Multiphoton processes play a fundamental role intransitions?®%” and control of chemical reactioR&?°
strong-field control of laser—matter interactions and in par- Here we describe the technique multiphoton intrapulse
ticular control of chemical reactivity:® The four-decade interference(MIl) and its application to control multiphoton
long pursuit of laser control of chemical reactidn$ias  processes in large organic molecules in solution. The method
yielded the following valuable observatior$) Laser inter- s pased on rationally designing an electric field required to
actions must be faster or comparable to the intramoleculagchieve a particular target with a minimum number of pa-
dynamics (i) multiphoton transitions open a number of pho- rameters. The method is based on calculating the amplitude
tophysical pathways simultaneously, it quantum inter-  of the nth-order electric field and comparing it to the absorp-
ference can be exploited to enhance the desired and suppregsn spectrum of the molecules being controlled. This pro-
the undesired pathway. In principle, the combination of thesgjdes a strong physical understanding of the control process,
three concepts should allow general control of laser—mattgfhich can be very useful in the interpretation of experiments
interactions. Here, we explore a pulse shaping method thajhere the field is optimized by a learning algorithm.
can control(enhance or suppressnultiphoton transitions. We begin with a brief review of the theory of multipho-
The method is based on intrapulse interference, which thqbn transitions and the effect of phase Shaping on MIl. The
takes place within the ultrashort laser pulse during multiphoexperimental section gives details about the laser system, the
ton excitation. This work is a continuation of our work to- pulse shaper, and the different samples studied. The results
wards predictive laser control with shaped pulses determinegection presents data obtained for two- and three-photon ex-
by a reduced number of control parameters. citation for several different pulse shaping parameters. The
The search for appropriate pulse shapes to control muljata are also compared to simulations calculated with no
tiphoton processes can be divided into three general apdjustable parameters. The Discussion explores details of
proaches. The first involves a smooth phase modulation, ag| and explores the issue of phase interference versus pulse
provided by linear chirp. Results from this search includejengthening. The Conclusion summarizes the lessons learned

itatin B9 ; ; . . . . .
two-photon excitatioff; and the yield of chemical here and gives a perspective for interpreting some previous
reactions®~*? The second involves modulation of the laser experiments from other groups involving phase control in

pulses, using a pulse shapgrfo achieve specific time- cgndensed phases.

frequency profiles. Results from this search include control

of second harmonic generatigS8HG) (Ref. 14 and two- Il. THEORY

photon excitatiof?*® using a sine or step phase function.  Multiphoton processes are maximized when the total en-
The third involves closed-loop learning algorithiiS?  ergyS" 7w is resonant with a particularth-order transi-
which converge towards the “optimal” pulse shape as de+ion. As realized by Broerst al,'®® two-photon transitions
fined by a series of phases and amplitudes in the mask. Rean focus the energy from an ultrafast pulse into a narrow
sults from this search include adaptive pulse compression, frequency distribution; just like Fresnel diffraction can be
one- and two-photon transitions in atoAisand methods used to construct a focusing lens. Conceptually, MIl takes
based on parameterized phase functions to compress puls@gvantage of the interference term that is associated with the
optimize the SHG and two-photon transitions in isolated atphase of each frequeney. within the pulse that contributes

to the multiphoton process and can enhance or what may be
9Author to whom correspondence should be addressed. Electronic maifS Valuable, suppress a multiphoton transition. The effective
dantus@msu.edu electric field that drives the two-photon process through the
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induced (nonlineaj polarization is proportional tcE2(t) @) o (o
(in the absence of intermediate resonance at the one-photon E (A)OCf_ocf_xdﬂldQZ|E(Ql)||E(Q2)|
level). Its Fourier transformE®(w) determines the fre-

guency response at the two-photon level. To determine the X|E(A=Qq1—Q,)|expli[ (1) + ¢(Q5)
amplitude of the two-photon effective field atwg we
calculaté®1® To(A-0,-0y)]}, 4

o where each photon in the three-photon transition is spectrally
E(Z)(Zwo)“J E(wo—Q)E(wo+Q)dQ, (1) detuned by an amourfe;, Q, or (—Q;—Q,), A is the
- detuning from the third-order multiple of the carrier fre-
where spectral detuning 8 = w— wy and wq is carrier fre-  quency of the pulsed—3wy), |E(Q;)| and ¢(Q;) are the
quency of the pulse. The formula integrates over all the deamplitude and phase of the intermediate frequencidsat
tuning combinations that add up towg.'® Each spectral add up to the third-order transition.

componenE({2) can be expressed as real amplit(EeQ) | In Fig. 1, we illustrate how changes in the phase mask
and phase ¢(Q)) in complex form E(Q)=|E(Q)| given by Eq.(3), change the temporal profile of the pulse
X exgie(2)]. For a two-photon transition |E(t)|?> and the spectrum of thath-order electric field

|[E(M(A)|2. First, note that the first order spectrum of the
electric field is not affected by the phase function because
there is no interference term at this order. All cases are com-
where the exponential component carries the interference b@ared to transform limitedTL) pulses(thin line). For case
tween different frequency components. A phase-modulategr), a sine function, we see that the second order field is
pulse can maximize or minimize the interference term in thefocused to a much narrower bandwidth compared to TL
exponential to suppress or enhance multiphoton excitatiorpulses, the amplitude at the center wavelength matches that
respectively. We call this effect multiphoton intrapulse for TL pulses. The third order spectrum is narrower and
interference. weaker. For casé), a cosine function, we see that the am-
In the early investigations on two photon excitation with plitude of the second order field is reduced by one order of
shaped pulses it was clear that phase interference could lgagnitude while the third order field is reduced by two or-
used to control atomic transitiod$but it was not clear if  ders of magnitude. For cage) a displaced sine function, the
this method could be used to control two- and three-photogecond order spectrum is narrow and detuned from the center
absorption of large molecules in solution because they havigequency, the third order spectrum is also detuned and
no sharp absorption band. We have recently shown that Mijveaker than TL pulses. Caé#) corresponds to positive qua-
can be used to control nonlinear optical excitatiwo-  dratic phase modulation. The second and third order spectra
and three-photon laser induced fluorescemesuch systems  are not affected, only their amplitude is, which decreases by
including proteins. Those experiments involved a phase a factor of 4 or 10, respectively. Cage) corresponds to
mask defined by a cosine function with controlled amplitude negative cubic phase modulation. The second and third order
period, and phase. Here we demonstrate that the addition g@pectra are narrower. This is caused by an effect similar to
linear chirp, a quadratic phase delay function of frequency, tehat observed for the sine function. A quantitative compari-
the cosine function yields order of magnitude greater conson between the different time profiles obtained for the
trast and permits the selective control between two- andhaped pulses is given in the discussion section. Clearly in
three-photon processes. We concentrate on the effect of chiggl cases, the shaped pulskarker ling is longer than the TL
because it occurs naturally when optical pulses propagatgulse.
through condensed phase media. Therefore, it is importantto In Fig. 2, we explore the combination of certain phase
determine if chirp enhances or diminishes the desired opticglinctions with quadratic phase modulation. This exploration

E(Q)E(-0)=E(Q)|[E(-Q)[exdi{s(Q) + ¢(—Q)}](,2

control. is of interest because quadratic phase modulatiovear
The phase of each frequency in the pu¢®) is defined  chirp) occurs naturally when ultrashort pulses propagate

for all our experiments by through optical media. For example, if a lageentered at
o(Q) = a cog YO — 8) + " 02+ 102, 3) 800 nm propagates through 100 mm of water it acquires

2480 f¢ of positive chirp>*®! Cases(a) and (b) combine a
where « is the maximum phase retardation,=27N/  sine function with positive or negative chirp, respectively.
(Qmax— Qnmin) determines the period of the phase function The temporal profile is identical in both cases. The second
(over the entire spectrum 770-830 nnd determines the and third order spectra are shifted from the central frequency.
position of the mask with respect to the spectrum of thelnterestingly, a change in sign in the sign ¢f leads to a
pulse,d” is the amount of quadratic phase modulatiibmear  shift from redder to bluer frequencies in the peak wavelength
chirp in the time domain and ¢” is the amount of cubic of the second and third order spectra. Casgsnd(d) com-
phase modulatioquadratic chirp in the time domainThe  bine a cosine function with positive or negatiyg, respec-
main advantage of defining the pulse with a minimum num-+ively. For positive chirp, the two functions cancel their ef-
ber of control parameters is that the amplitude of thefects near the center of the pulse. This leads to a pulse that is
nth-order electric field can be easily calculated using an exelose to TL except for some wings. The second and third
tension of Eq.(2).% For three-photon excitation, in the ab- order spectra are slightly narrower and attenuated compared
sence of intermediate resonances we obtain to TL pulses. For negative chirp, the phase modulation is
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a) sin —1571 N‘1 =-n/2 ¢"=0
770 800 830 500 500 390 400 410 262 266 270
, M , nm A, nm
b) cos h= 24nmoc—157t N=1 520 =0 ¢"=0

FIG. 1. Multiphoton intrapulse inter-
ference effects for different phase
functions: The first column shows the

T

770 800 830 -500 500 390 400 410 262 266 270 first order spectrum of the pulse and
A, nm A, nm A, nm the phase functiondark ling. The
C) shifted a=151 N=1 &=-u3 ¢ = 0 ¢ = s_eqond column shows the transfqrm
T ‘ T ‘ ‘ ‘ — limited pulse and the temporal profile
of the shaped pulsédark ling. The
F b third column shows the amplitude
square of the second order spectrum
r | r T r 7 r T for TL pulses and for the shaped
pulses(dark ling. The fourth column
7 shows the amplitude square of the
. . ‘ . ‘ . N ‘ third order spectrum for TL pulses and
770 800 830 -500 0 500 390 400 410 262 266 270 for the shaped pulse@ark ling. The
,» M t,fs L, nm %, nm following different phase functions are
: _ _ _ _ shown:(a) sine, (b) cosine,(c) shifted
d) Iquadratlc : =0 N = .1 ‘6 - p ¢ = GOQOfSZ dl)m - 0 sine, (d) linear chirp, ande) quadratic

chirp. The relevant parameters for
each phase function are given in the
figure.

770 800 830 500 “ 500 390 200 210 262 266 270

A, nm s A, nm A, nm
e) cubic a=0 N=1 5=0 ¢"=0 ¢ =10%%s>

500 0. 500 390 400 410 262 266 270
t,fs A, nm A, nm

accentuated. This leads to very broad temporal pulses, vespecific resonances and the phase can be used to attenuate
weak second, and third order spectra. For these cases, th@rd order processes by two orders of magnitude. Given that
change in sign of” makes a very large difference. Cage  higher nonlinear processes require higher peak intensities
combines negative cubic modulati@tl” with positive qua- this results seems trivial, however, when third order pro-
dratic phase modulation. The effect is similar to cdge  cesses cause irreparable damage of optical elements or living
where the second and third order signal is slightly detuned ttissue it is useful to know how to suppress them. The simu-
longer wavelengths. In this case, the third order output idation in Fig. 1 show that simple attenuation or attenuation
highly attenuated. Changing the sign @, not shown, using only quadratic chirp is not as efficient as the addition
changes the sign of the detuning as observed in @ase of a cosine function. The cosine functiqg@=0) achieves
From the calculations presented in Figs. 1 and 2, wanaximum spreading of the pulse, well beyond what qua-
learn that the phase function described by B), achieves dratic chirp alone achieves.
much more than the simple attenuation of the peak intensity The spectra calculated for Fig. 1 are the spectra that the
of the laser pulse. Thath order spectrum can be tuned to molecules experience in the presence of a phase modulated
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a) sin+quadratic a=151 N=1 §=-m/2 ¢"=6000fs? ¢ =0
770 800 830 500 0. 500 390 400 410 262 266 270
A, nm t,1s A, nm A, nm
b) sin-quadratic oa=15r N=186=-n/2 ¢"= -6000fs? ¢"=0

FIG. 2. Multiphoton intrapulse inter-
ference effects for different phase
functions in the presence of quadratic
chirp: The first column shows the first
L | 1 , . L L order spectrum of the pulse and the
770 18?1?11 830 -500 tofs =00 390 7»40r?m 410 262 X hm phase functioridark ling. The second
' ’ ' ' column shows the transform limited
¢ =0 pulse and the temporal profile of the
T shaped pulsédark line. The third col-
umn shows the amplitude square of
the second order spectrum for TL
pulses and for the shaped pulddark
line). The fourth column shows the
amplitude square of the third order
spectrum for TL pulses and for the
L L L . ! L d | h L shaped pulsedark ling. The follow-
770 )L800 830 -500 tofs 500 390 )\400 410 262 X266 270 ing different phase functions are
» im ’ » m » im shown:(a) sine and positive chirpgh)

d) cos-quadratic a=151 N=158=0 ¢"=-6000fs? ¢ =0 sine and negative chirggc) cosine and

¢) cos+quadratic a=15t N=1 =0 ¢ =6000fs

T T positive chirp,(d) cosine and negative
chirp, and(e) quadratic chirp and posi-
B 7 tive linear chirp. The relevant param-
eters for each phase function are given
i ] i T i T i T in the figure.
Il T B et e < L L L L
770 800 830 -500 0 500 390 400 410 262 266 270
A, nm t,fs A, nm A, nm
e) quadratic+cubic a=0 N=15=0 ¢"=6000fs?¢" =10%s3
T T T T T T T T T T
770 800 830 500 0. 500 390 400 410 262 266 270
A, nm t,1s A, nm A, nm

laser pulse. The molecular response to the electric field ispectrum ignoring intramolecular dynamics to simulate our
determined by calculating the amplitude of the frequencyexperimental results according to

dependent nonlinear susceptibility of the molecule multiplied
with the nth order electric field? In the case of very sharp
multiphoton absorption line&@s in isolated atomsaction of
thenth field depends primarily ofE(M(A)|? at the resonant
frequencyA=w—nwg. In the case of large molecules in In the two limits(isolated atom or large molecule in solutjon
solution the action of thenth order electric field depends the outcome is independent of the interaction between the
only from the amplitude of this fieldE(M(A)|? integrated individual phases"(A) and the intramolecular dynamics.
over the broad nonlinear excitation spectrgf’(A) be-  We have found this to be a very good approximation in our
cause of the extremely fast intramolecular phase relaxatiorstudies of large molecules in condensed pRaBee role of
Here our concern focuses control of large molecules in conintramolecular dynamics becomes important in the study of
densed phase. Therefore, we assume a broad absorptitaser control of gas phase molecular dynaniics’

S f gM(A)[E™(A)[2dA. (5)
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lIl. EXPERIMENT Two-photon
The experiments were performed using an ultrashort (a) Coumarin
~50 fs pulse regenerativelfl kHz) amplified Ti:sapphire +10%

laser with~1 mJ/pulse. The beam was sent through the zero-
dispersion pulse shaper consisting of two gratings, two
lenses, and two 128-pixel liquid crystal-based arrays at the
Fourier plane. The programmable spatial light modulator
(CRI, Inc) was calibrated so that phase retardation at any
given frequency could be accomplished without changes in
the output polarization and amplitude. Phase retardation was
calibrated by determination of accurate retardation versus
voltage curves for each phase mask. We operated within the
lower voltages with a measured accuracy of one degree
(~0.0074 f3. When no phase modulation was applied, the
pulses after the pulse shaper arrangement were near
transform-limited with FWHM 50 fs and a maximum energy
of 5 uJ. For most experiments the laser was attenuated down
to 0.5 uJ. The magnitude of the quadratic phase modulation
was controlled by translation of a compressor grating in the
laser amplifier. Reproducibility was ensured using a me-
chanical indicator with 2.5um resolution. The quadratic
phase modulation was calibrated using SHG frequency re-
solved optical gating® The experiments presented here de-
pend critically on the input pulses. We were very careful to
use transform limited pulses to avoid these types of prob-
lems. We found that the presence of a small cubic phase
modulation, for example, can distort the observed multipho-
ton response.

A 200 mm focal length lens focused the laser onto a
quartz cell containing the dye solution. Fluorescence was
detected at right angles with /1 optics and directed to a 0.27
m spectrometer with a liquid nitrogen cooled CCD detector.
In most cases we integrated the fluorescence signal for each
phase function. Typical data acquisition required the signal
detection for 128 different phase functions, twice. Data was
collected for approximately 100 laser pulses for each phase
functions and the entire scan was repeated four times.

Experiments were carried out on Coumarin SEXCi-  FiG. 3. Control of two-photon laser induced fluorescence in Coumarin 500
ton), andtrans-stilbene(Eastmain both 0.01 M solutions in  with multiphoton intrapulse interference. The contour-plots indicate increas-
methanol. The fluorescence was detected as a function & Yield(darker coloj of 500 nm fluorescence as a function of chi#ghand

. I . phase shifts. (a) Experimental measurement of the yield of two-photon
Chlrp (d’ ) and phase shift of th? maiw) acrpss the Spec- laser induced fluorescence from Coumarin 580 Theoretical simulation of
trum, centered near 800 nm, with a bandwi@wWHM) of the data.(c) A cut through the experimental data fgt'=0 s>, together
24 nm. For all cases the values=1.57 andN=1, from Eq.  with a theoretical simulation of the sign4tl) A cut through the experimen-
(3), were kept constant. For the experiments on two- ande_il data for ¢"=4000 f¢, together with a theoretical simulation of the
three-photon excitation in the same solution we made a sorgnal
lution of Coumarin 500 and para-terphenyl ~f0 and
10 * M, respectively, in cyclohexane. For these measure-
mentsa=2.5m, N=1, and¢"=2000 f&. matches that obtained with transform limited pulses. In gen-
eral, for low intensity excitation, in the absence of saturation
or an intermediate resonance, transform limited pulses opti-
mize multiphoton transitions. The data in this article was

Figure 3a) displays the signal obtained for two-photon obtained under these conditions.
laser induced fluorescendelF) for Coumarin 500 as a func- In Figs. 3b)—3(d) we present simulations of the data,
tion of ¢" and & (darker shades indicate higher intensity calculated with Egs(1) and (2). Notice that the overall
Notice that maximum and minimum values for the signal cartrends are perfectly matched by the theory. To provide a bet-
be easily found for certain combinations é6fand ¢”, with  ter quantitative perspective cuts fgf=0 and 4400 f& are
contrast ratios or two and more orders of magnitude. Theshown in Figs. &) and 3d), respectively. Differences be-
data is normalized such that the signal induced by transforrtween the simulationgno adjustable parametg¢rand the
limited pulses equals unity. The maximum observed signatlata are small and may indicate that intramolecular dynamics

0 T

2n
&, rad

IV. RESULTS
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Three-photon 1.0} (@) ¢"=2000f5*
4(a) Stilbene
+10

FIG. 5. (a) A cut along the experimental data shown in Fig&) &nd 4a)
showing the variation of two{dashed ling and three-photortsolid line)
induced fluorescence as a function &ffor a fixed amount of chirpg”
=2000 f€. (b) A cut along the experimental data shown in Fig&)and

4(a) showing the variation of two{dashed ling and three-photorisolid

line) induced fluorescence as a function @f for 5==/2. Notice that the
smoother onset of two-photon processes creates regions where the lower
order process dominates even under strong-field excitation. The arrows in-
dicate the condition when two photon processes are not suppressed but three
photon processes are.

and 4d), respectively. Differences between the simulations
and the data are greater for three-photon excitation. Interest-
ingly, the signal obtained fo6== and 37 in Fig. 4(d) is
greater than that observed for transform limited pulses.

In general, both two- and three-photon processes have a
similar response phase modulation as seen in Figs.ahd
4(a). However, there are certain sets of parameters that can
be chosen where the two-photon LIF signal is much more
intense than the three-photon LIF signal. One such pair of
values is chosen from Figs. 3 and 4. Cuts of the three-
dimensional data with fixed’, are shown in Fig. 5. The

(d) ¢ = 4000 ! arrows indicate the positions where the maximum ratio two-
1.5 —r—————r— :three-photon excitation is observed; coinciding with a three-
— Exp photon “dark” pulse. As can be seen in Figl, for certain
21.0 - Thr pulse-shaping conditions, three-photon LIF exceeds the
= value obtained for transform limited pulsésormalized to
5 unity). This observation may indicate some degree of self-
focusing or that additional excitation pathways are available
0.0 through real electronic intermediate states.

0 T 27 In Figure 6 we compare two- and three-photon excitation
d,rad processes in a single sample containing a mixture of two
FIG. 4. Control of three-photon absorptiontians-stilbene with multipho- different dyes. O.ne dye has an absorption band C.entered at
ton intrapulse interference. The contour-plots indicate increasing yield400 nm(Coumarin 500 and another has an absorption band
(darker coloy of 350 nm fluorescence as a function of chighand phase  centered at 267 nmptterpheny). The experimental results
shift 6. (a) Experimental measurement of the yield of two-photon laser in-gre shown as a function & with «=2.57 and ¢"=2000 &
e s s e ot omer s PG 6@, The two photon induced fluorescence signal
theoretical simulation of the signdll) A cut through the experimental data collected at 500 nm, is shown as a thin line, the three-photon
for ¢"=23400 f£, together with a theoretical simulation of the signal. induced fluorescence signal, collected at 350 nm, is shown as
a heavy line, and the ratio between the two is shown as a
dashed line. The contrast ratio observed between maximum
and minimum signal for 3-photon induced fluorescence is
almost four orders of magnitude. In fact the signal in the
region of § near zero is comparable to the systematic noise
indicate higher intensity Notice that maximum and mini- level, the reportt_ed four orders of magnitude.is a lower limit.
mum values for the signal can be easily found for certain! Ne contrast ratio observed for two-photon induced fluores-

combinations of5 and ", with contrast ratios or two and CENCe in this case is one order of magnitude.
more orders of magnitude. The data is normalized such that
the signgl induced by transform Iimi.ted pglses equals unityv_ DISCUSSION

In Figs. 4b)—4(d) we present simulations of the data,
calculated with Eqgs(l) and(3) (no adjustable parameters Our findings indicate that multiphoton processes in con-
Notice that the overall trends are perfectly matched by thelensed phase molecules, where the inhomogeneous and ho-
theory. Cuts are shown fap”=0 and 3400 f§in Figs. 4c)  mogeneous broadening is large, can be controlled using only

play a minor but detectable role in multiphoton excitation.
Figure 4a) displays the signal obtained for three-photon
LIF for t-stilbene as a function of” and 6 (darker shades
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' ' ' ' ' ' ' for any value ofn. If we start withn=2, we find that the

A ratio is justS‘?) becaus&!) is independent of changes in the
pulse duration(in the absence of saturatiprThis analysis
depends only on the change in peak intensity and ignores
intramolecular dynamics or quantum mechanical interfer-
ence. The result, however, is very valuable to ascertain the
effect of pulse duration, and indicates that the ratio
SM/s("=1) is proportional to the two-photon signaf? for
all n.

The simulation 0fS®® and S® [no adjustable param-
eters using Eq(5)] is shown in Fig. 6b). Notice thatS®?®
andS®)/S? (dashed lingare very similar. Under these con-
ditions the pure interference effect of Mll is onlyL0%—
40%) from the full contrast ratio. A much stronger Ml effect
is obtained for shorter laser pulses and multiphoton bands
b that are detuned from the center frequency of the pulse. Fig-
ure Ga) shows the ratio of the experimental two- and three-
photon signaldashed lings We can see that the ratio does
not coincide with the 2-photon excitation. The experimental
ratio of S%/S) shows one order of magnitude greater con-

_s® ] trasts than are predicted by theory. The main discrepancy can
_____ s)ys@) —_® be attributed to the three-photon excitation signal, which dif-
1E3 s : . : : : s fers significantly from the simulation. We cannot explain this
5, rad 2n 8n difference based on pure two- and three-photon effects. It is

possible that higher order processes and other electronic

FIG. 6. Two- and three-photon excitation of large organic molecules in agtgtes that are detuned from the center of the excitation
B e e T e 29" vavelength play an important role in the observed signal. We
solid thick line is normalized on the transform limited condition three- NOte that the greatest differences occur when the three-
photon induced fluorescence, both emissions was excited in the mixture gghoton induced signal is minimized.
10°° M para-terphenyldetected at 350 nmand 10°* M Coumarin 500 Here we make an effort to provide a quantitative analysis

(detected at 500 njrin cyclohexane with phase modulation determined by of pulse lenathenina effects. First we determine the pulse
Eq. (3) and @=2.57, N=1, and¢"=2000 f¢ as function of parametes. p 9 g ) p

The dashed line is ratio of three-photon excitation to the two-photondurationAt, using
excitation.

\Y
01

0.01

1E-3

Relative Intensity of Emission

1E4

o
o

Calculations
o
2
T

At=JIE(D)]2(t—to)dt/[]E(t)]?dt, @)

a few control parameters. We have explored the combinatiowhere the center of the pulse is defined Ry
of a cosinusoidal function with linear chirp to show large = J|E(t)|*tdt/[|E(t)|?dt. We then calculate the effect of
contrast for two- and three-photon transitions. Our result9hase modulation on the expected two- and three-photon sig-
indicate chirp has an important and nontrivial coupling withnal, S andS® using Eq.(5) with g("(A)=1 (to eliminate
other phase modulation functions. This is particularly impor-spectral tuning effecisWe compare these simulations to the
tant if phase modulated pulses are used in applications th#tverse of the pulse duratiakt ~* and to the squared inverse
require propagation through dispersive media. Here we digpulse duratiomAt~? for second- and third-order effects, re-
cuss to what extent control of multiphoton excitation de-spectively. The results are shown in Fig. 7. When phase
pends on intrapulse interference and to what extent to puls@odulation consists of linear chirp only, we find that there is
lengthening. excellent agreement between the predicted effects based on
In comparing the two different signals presented in Fig.pulse duration and simulated effect based on NH¢. (5)]
6(a), we consider what role pulse lengthening plays in ex{see Figs. @ and 1b)]. Interestingly, when phase modula-
plaining the observed results. For this analysis we negledion includes a cosine function as in E@), the agreement
interference and intramolecular dynamics leaving only pealbetween the predicted effect based on pulse duration and the
intensity (a function of pulse durationThe signal observed simulated effect based on MIEg. (5)] is not good, differing
following n-photon excitationS" is proportional tol"r, by 60% for two-photon effects and 300% for three photon
wherel" is the intensity of pulse to theth power, andrisits  effects at6=0.5 or 1.4r. In Figs. 1 and 2, we showed that
duration. The energy of the pulse is given W17, there-  the temporal profile of the pulse can be smooth or it can be
fore the signal isS™oW" 71", With this simple expression complex(multiple pulses When it is complex pulse dura-
we can calculate the ratio between the two nonlinear signaléon fails to predict the observed signal. In fact, pulse dura-
usingS"/S"~ Ve W/ 7. If the energy of the pulse is constant tion [Eq. (7)] predicts a maximum fos=1 [see Figs. )

then and 7d)] but this turns out to be a local minimum in the
simulated signal based on E¢). The experimental data
SMygn=1g -1 (6)  agree with the predicted minimufsee Figs. #®) and 7f)].
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FIG. 8. Multiphoton intrapulse interference with 10 fs pulgesAbsorption
spectrum of Coumarin 46@ot9 and Coumarin 53%open dots The spec-
trum of the laser is shown with the thin linga) Two-photon induced signal
as a function ofs for the two different coumarin dyes. The values are
normalized to transform limited pulses.

saturated regime. In the case of saturation, any form of phase
modulation causes pulse lengthening and this alleviates the

saturation. One of the most remarkable studies on laser con-
trol of multiphoton excitation in condensed phase involves
the excitation of two different dye solutions, one containing
[Ru(dpb)3]?* and the other DCM? In that study the authors
were careful to evaluate the effect of pulse energy, linear
chirp, and wavelength tuning. They found that changes due
to those parameters individually were minimal, however,

— 5@

~

-- At --ar?

0 L | L | | L
e) " Colmarin 500 ‘t—StiI‘bene

—_
—
=

—
=
= °r ] their adaptive pulse shaper was able to find a maximum con-
trast DCMI[RU(dpb)3]2+ of approximately 50%. They at-
tributed this observation to long-lived molecular phase co-
herences that persist during the shaped pil6e fs—1 ps2°
0 | | | ] | | .
0 on 0 2n In our studies we have concentrated on the order of mag-

n n
8, rad 8, rad

nitude differences observed in multiphoton excitation, and
FIG. 7. Effect of pulse duration and spectral amplitude of the electric fieldthese can be accounted for by the MIl theory, which ignores
on two- and three-photon excitation. For tf@—(d) the solid line is the intramolecular dynamics_ In all cases, there is a residual
signal calculated according "« [|E(A)(M|?dA, the dashed line is cal- 10%-50% difference between experiment and simulation
culated signal according 8M«<At""1. (a,) Dependence of expected sig- . . .
nal from quadratic phase modulatia#, with «=0. (c,d Dependence of that is not accounted for. This same difference was observed
expected signal from phasewith a=1.5m, N=1, and¢"=200012. (e,)f  When comparing results from two-photon excitation of cou-
Experimentally measured dependence of fluorescence yield as a function gharin 500 and recombinant green-fluorescent protein, or
g\x/mh Ile"r’”' N=1, a”dd‘b":ZOQ?bfg f°r;he S°r'1“ﬁ°”5 of Coumarin 500  three-photon excitation of-stilbene and the concanavalin
o-photon excitatiohand transsstiibenethree-photon excitation A.° It is possible that this difference arises from the effect of
electric field phase and intramolecular dynamics. The time
scale for electronic dephasing in large molecule in solution
This observation leads us to the conclusion that(Bgbased  has been determined to be in the range of 30 to 78 fs.
on MIl is a much better predictor aith order processes than Perhaps shorter pulses can better harness the contribution of
simple pulse duration of the electric field. intramolecular dynamics in condensed phases.

The analysis, so far, has ignored thin order spectrum A recent publication about laser control of large mol-
of the moleculeg™(A). MIl spectral tuning of the higher ecules in solution compares excitation of two different path-
order spectrum of the field can also be used to preferentiallyays of LH2# That study was conducted in the saturation
excite one type of molecule in a mixture. Walowieral,>  regime, therefore it is very difficult to determine to what
demonstrated this experiment using 50 fs pulses and a miextent phase modulation caused pulse lengthening and to
ture of two different coumarin laser dyes. In essence, thevhat extent spectral tuning and phase coherence participated
second order spectrum of the laser was tuned from one dyia the observed-35% ratio between the two excitation path-
to the other. In Fig. 8 we show a simulation of the experi-ways. The system is ideal to explore laser control because it
ment obtained for 10 fs puls@sNotice that with shorter provides two different channels. The preferential observation
pulses selective excitation becomes possible purely due tof ground state dynamics following excitation with nega-
Mil. tively chirped pulseé? as observed in the one-photon exci-

Control of multiphoton processes with phase modulatedation of bacteriorhodopsin, can be explained by both satura-
ultrashort laser pulses has been reported in the liter&tdre. tion and intramolecular dynamics that take place as the wave
For example a 40% effect had been measured in the twgacket being formed in the excited state undergoes stimu-
photon excitation of green fluorescent protein using lineatated emission.
chirp® The main difference between those experiments and It is becoming clear that for large molecules in the con-
experiments from our grodpis laser intensity. We have densed phase multiphoton excitation can be controlled by a
avoided saturation while those measurements were in theumber of mechanisms, and this control can be calculated in
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all cases except those involving significant saturatioh. such as photodynamic therapy, three-photon absorption
Changing the pulse duration, for example using linear chirpcauses DNA damad®.
is the simplest form of controlii) Changes in the amplitude In summary, we present a pulse-shaping method based
of the nth order electric field caused by phase modulation.on intrapulse interference that provides control of multipho-
These effects can be calculated using E).ignoring the  ton transitions under strong field excitation using a reduced
molecular absorption spectrung((’(A)=1). (ii) Spectral number of parameters. The results shown here were obtained
tuning of thenth order electric field with phase modulation, with only four control “knobs” that can be adjusted indepen-
Eq. (5). (iv) Phase modulation of theth order electric field dently or can be incorporated into a learning algorithm to
matching intramolecular dynamics of the system. Thisprovide control over multiphoton transitions and nonlinear
mechanism may result in 30%-50% effects, a formula foroptical interactions. The method is robust and the theoretical
calculation has not been provided here. In some cases, pabrmulation simple enough to provide predictive informa-
ticularly in the gas phase, the laser chigofrequency swegp tion. We are pursuing the application of this method to situ-
can coincide with intramolecular dynamics. In these caseations where nonlinear optical processes must be enhanced
slow intramolecular dynamics without fast relaxation can ef-or suppressed, or where selective excitatithree- versus
fect on the excitation proce$%(v) High intensity excitation, four-photon absorption, for examplés desired. The phase
causes competition among a number of multiphoton promodulation discussed here can be introduced with simple
cesses, as well as self-phase modulation and self-focusingassive optics without the need for sophisticated spatial light
The quantitative simulation of these higher order effects isnodulators. This advantage may lead to direct applications.
challenging, but it is required to explain the most intriguing
results. ACKNOWLEDGMENTS
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