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Disentangling multidimensional femtosecond spectra of excitons
by pulse shaping with coherent control
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Sequences of carefully timed and shaped optical pulses provide femtosecond snapshots of molecular
structure as well as electronic and vibrational dynamical processes, in analogy with
multidimensional NMR. We apply a genetic learning algorithm towards the design of pulse
sequences which simplify the multidimensional signals by controlling the relative intensities of
various peaks. Numerical simulations demonstrate how poorly resolved weak features may be
amplified and observed by using optimized optical pulses, specifically shaped to achieve a desired
spectroscopic target. @004 American Institute of Physic§DOI: 10.1063/1.1691020

I. INTRODUCTION vided a major advance towards the practical implementation
of control techniques in complex molecular systét$he
Elaborate NMR pulse sequences are currently routinelymplementation of the idea involves three elemefiis:an
used in structure _deterr_nination of com_plex biomolectifes. input trial laser pulse(ii) applying the pulse to the sample
Recent progress in optical pulse shaﬁrr‘@as opened Up  4nq observing the signaliji) using a genetic learning algo-
the possibility of extending these techniques towards ey, o generate new pulse shapes based on these prior
study of electronic and vibrational ~motions i experiments? These steps are repeated until the desired tar-

moleculest®~*® The interpretation of NMR measurements is . . . . :
- . L . L get is achieved. Genetic algorithms perform a parallel search
facilitated by the relative simplicity of spin Hamiltonians o -
n an entire “population” of pulses, use paydffost func-

which often allow back of the envelope, perturbative, designO

of new pulse sequencé®Vibrational and electronic motions tion) information, rather than derivatives or other auxiliary
are far more complex than spitfsl” and developing optical knowledge, and employ probabilistic, rather than determin-

or infrared pulse sequences generally requires elaborate aiiic: rules. The necessary population size is typically much
expensive simulations. smaller compared to Monte Carlo simulations. Various pulse
In this paper we demonstrate how a genetic pu|seshaping schemes with genetic optimization were studied re-
shaping algorithm may be employed towards the optimizacently by Zeidleret al>*
tion of multidimensional signals. Introducing coherent- Multidimensional spectroscopy is based on an elemen-
control ideas into multidimensional spectroscopy provides dary nonlinear optical process known fmir-wave mixing
new tool, that could make high-resolution ultrafast snapshot€onsider a molecule interacting with three monochromatic
of complex biomolecules a reality. The field of coherent con-optical fields with frequencies,, »,, o, and polarized
trol has been driven by the objective of selectively breakingalong the directionsy, 3, vy, respectively(which assume the
and making chemical bond8-*’The primary goal has been yajues x, y, 2. The three beams mix by their coupling
to guide chemical reactions to a desired product using las€fith the molecule to generate a new signal field with
pulses, Ieai:iizrz]g to the formation of novel stable or metastablgeqyencyw, and polarizationr. The amplitude of this field,
molecules’"*” Other applications of coherent control were ¢ jateq perturbatively in the incoming fields, is propor-

directed towards the manipulation of current echoes Nional to the third order nonlinear susceptibility tensor

semiconductor®® energy flow in light harvesting (3)

complexeg* and vibrational wave packets.Nonlinear op- cap T @siWa, 0y, 0c).

tics applications include two-photon transiticig/ soft Generally has 8><6><81lcontributions(8 Liouville-
x-ray emissiort® and four-wave mixing(coherent Raman space pathways, six permutations of the three frequencies,

spectroscopy and microscdy° where the elimination of and 81 tensor componehtsEach contribution further in-
nonresonant background and the selective excitation ofolves a fourfold summation over molecular eigenstétes.
closely-lying Raman modes was achieved. X(3) is thus determined by strong interferences among the

The proposed application of closed-loop learning optimi-various contributions. Using laser pulses defined by the en-
zation algorithms for the design of optical pulses has provelope&,(r,w)=[ dtE,(r,t)exp(wt), wherea=X, y, z de-

notes the polarization, the signal will be proportional to the
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In a frequency-domain experimertl,(r,o,) is a nar- g '\—l,r" E g —
rowly peaked function of frequency and the integrations in Energy

Eq. (1) can b(eg)e“m_mat?d S0 thﬁf’ )(I’,ws) IS d.lrecﬂy pro- FIG. 1. Model dimer of three level molecules, representing either electronic
portional toXo’aBy( ws; wa,wp,0;). The multiple integra- excitations or anharmonic vibratiorjg), |a), and|b) indicate ground, first,
tions over pulse envelopes in EQ) imply that P*)(r,t) is  and second excited states of individual chromophores. Molecular excited
given by acoherent superpositionf the various frequency states are defined as follows: First excit_ed state energy equa},te= Q)
components ofy® which may be externally controlled by =1677¢m" (m=1, 2;a=1) and the first overtone energy,= 20

(3) : —16=3338cm - (m=1, 2; b=2). The dipole—dipole coupling between
the pulse envelopes?(, is thus affected by two types of the excited molecular states is assumed @as,,=10 cmi ! (a=1, m#n).
interference: those contained;(ﬁ” and those resulting from  The coupling with the second excited states is neglecteg, {,=0; a
the multiple integrationgcoherent superpositions of various =2, m#n). The transition dipole moments are parallel apg ap
frequency componentsPulse shapirty®®°offers numerous = V24ma- Inthe eigenstate representatie and|e,) indicate one-exciton
possibiles for afecting the signal by controling the latter 5% 8 -e(on s, rspeciuel fhe overione sites e e s
interferences. These will be the focus of the present study. sorption spectrum is shown as well.

We shall consider a four wave mixing process carried

out with three incoming fields j&1,2,3) and a fourth
field (j=4) associated with the heterodyne detection:parameters specifying the different pulses such as the enve-
E(r.t)=37_,3Ej (t—m)exdi(kr) —iwjt]+cc.  Here lopes &j4(®), ¢j.(w), w;, 7;, etc. This large parameter
Eja(t— 7)) is a complex envelope functiofslowly-varying  space may be explored and optimized to achieve desired
compared to the optical periodnZw)). k;, w;, and7j are  spectroscopic objectives.

the wave vector, carrier frequency, and peak time ofjthe Our model system of coupled localized vibratiofts
mode, respectively. The frequency domain amplitude of thejectronic excitations of molecular aggregatissintroduced
field is given by in Sec. Il. Simulations of two-dimensional spectra presented
4 in Sec. lll show how the intensities of different peaks may be
5a(r,w)=2 Eja(w—aj)exp{ikjrﬂ(w—aj)?j independently contrqlled by pulse shaping, allowing us to
j=1 observe new, otherwise unresolved, spectral features. Our re-

. — sults are discussed in Sec. IV. Details of the pulse shapin
Tidja(w=wpitec, @ algorithm are given in the Appendix. i P
where & ,(w)exple;,(w)) is the Fourier transform of the
envelopeE;,(t). Both the envelope functioi;, and its
phase¢;, are taken to be real.

The heterodyne signal involves interference between the We consider the system of coupled localized anharmonic

polarization and the heterodyne fiele4,(7)), and is given  vibrations shown in Fig. 1. The vibrational modes are labeled

IIl. THE NONLINEAR RESPONSE OF EXCITONS

by'"34 m, n,..., and thestates arg (ground statpand excited states
a, b, c,.... Theeigenstates of this system are known as
S(kg)=Re >, fffdwsdwadwbdwc excitons. The same model of coupled multilevel chro-
oaBy mophores can also represent electronic excitations of

aggregates’ but for clarity we focus on vibrations.
To describe the system we introduce creatiddy {
X Eplwp— w3)E3(we— w3) =|ma)(mg|) and annihilation B,,,=|mg){ma|) operators,
X Ey (om0 eXRi k) ) 3 which create/anni_hila@e the excited stgdg on thenjth c.hro-
401 s W4 caBy’ mophore,/mg) being its ground state. The Hamiltonian has
The only possible directions of the signal dg=uk, three terms:H=Hgs+Hgg—P-E(r,t). Hs represents the
+vk,+wks, where u, v, and w are integers coupled chromophores

3 JR—
X XEni,By( —Ws,05,0h,0c)E1o(Wa— @1)

(=0,£1,%2,..).3* The phasex’) ;. which depends orks ) o m#n o
IS kg, = UP1o(@a) + 0P op(wp) + WPs (0c) — Pyy(ws), Hs=> QuaBhabuat 3 JnansBhBo, (@)
m,a m,a,n,

where the phase functions are given #y,(w)= ¢;.(w

—wj)+(w—w))7 with j=1, 2, 3, 4. Each choice of inte- where ), are the chromophore energies ahd, ,, their
gersu, v, andw represents a distinct technique. When thecoyplings. Hgg represents the interaction with a thermal
pulses are very short and well separatedcomes first, fol-  path,

lowed byk, and finallyks;. However, Eq(3) is not limited

to this case and any time ordering is permitted. The signal [ _ Rt R 4(©)

depends on the obZervation direcg[ibgl gs well as all theg HSB_% BmaBmama ©
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whereq(®) is a collective bath coordinate which modulates | — 2 40
the chromophore energies and represents the couplin ! _:_'Fbj G; i E o
strength between stat@ of the mth chromophore and the + - g G
bath. This coupling is linear in the bath coordinate which |=—- ==—==== — 0 =10
induces fluctuations in the diagonal elements of the Hamil- i B .45 o
tonian. All relevant information about the bath is contained + - w
in the Brownian oscillator spectral density S 2 40
9 7T ol o
oo .
Conannl@)=21m [ dtexptiot (@065 (0)) 15 8 L
0 e o -
4 = E
wA s L) c - -
=2)\manbﬁa (6) i 1 [T}
o+ A .3 40 I N
2 40
where\ manpis the strength and ~1 is the time scale of bath . 5 d)
fluctuations’** 1'2 §
The last term in the Hamiltonian represents the interac-| JoB T
tion of the vibrations with the optical field. In the dipole 15 5
approximation the polarization operat®rcan be expressed ] -
as - -40
40
~ ~ ~ a~l A a) . d)
P= %;a Mma(Bmat Bera)"' I-‘m,abBTmamev (7) E
=
]
MmalS the transition dipole moment between the ground state £
and the excited stata of the mth chromophore, whereas ”J
Mm.ap 1S the transition dipole between the excited stitasd "?40

a of the same chromophore.

In our simulations we assumed two identical three level
anharmonic vibrations with parameters similar to those ofIG. 2. (Color) Wigner spectrograms of the second optical pulse and the
Ref. 37 (see Fig. 1 Excited state energies af@,, and corresponding photon-echo sigrié{w, ,w3) of the system. Each row cor-

Q and the couplina between the lowest excited states .responds to one nonlinear experiment. The top row shows the results for the
mb upling W w Xcl I%aussian pulse. The right panel gives the 2D spectram{ vs w3) (¢

Jmana- The system has two singly-excited Frenkel excitonigether with the corresponding, = 10 e * slice alongws axes(d). The
stateqrelated to the excitation of molecular staggsvith the  left panel shows the Wigner spectrograms of the second gbjsand it

energieSQma—Jmana andea+ Jma,na- The lowest excited temporal prTor:iIef(aI)| optained intehgrating the Wig(r;_er strp:ectrogram o(\j/_er t(:\et
. - L - equency. The following rows shows corresponding the corresponding data
state is dark, i.e., has zero transition dlp0|e to the groun(ﬁ)r the optimized pulsesD) diagonal peak maximizedC) combination

state, while the higher state has the transition dipole momemand optimized;O) overtone band optimized. All energies are computed
\/E,ua. The linear absorptiofiFig. 1) consists of the single with respect td),,,= 1677 cm *. The optimal field parameters for diagonal
allowed exciton transition. The higher excited states are tw@eak are:c;=—3.21381,c,=—3.30351,¢5=903.531 fs,c, = —0.40409;
overone statesm). and one double excton stateomby- 1 OIS PeTkny 26SEIS oSt e st o
nation bang with energy 2},. The resonant transitions _3z43 075 fsc,=2.7182.
relevant for the photon-echo experiment involve these opti-
cally allowed states.

The third order polarization created by two optical " "
pulses polarized along=z was simulated by numerical so- F(wl,w3)5’ f deJ d7g,
lution of the nonlinear exciton equatiofSEE), which are 0 0
coupled equations of four types of dynamic variabBss,
:<Bma>7 Yma,gb:A<BmaBnb>a Nma,nb:<BTmaBnb>a and X I:’(z:;)(l(l 1 T21, Ta) EXPi 0171 Hiw37g) | (8)
Zmanbke=(Bl BnbBio)- The interaction with the bath re-
sults in line broadening and is described using relaxation
superoperators in the NEE. We have computed the two-pul%lv
photon echo signal generated in the directiqrr 2k, — Kk,
(settingks;=k,). The signal was expressed as a function of
the two delay timesP{®(ks,t) =P (ks,7p1,742), Where The frequencies; andw, were tuned to the transition
,=7,— 7, IS the delay between the two pulses ang frequency of the isolated chromopho®@s,, and both pulses
=r1,— 7, is the delay between the second pulse and the dewere taken to be Gaussian with widthg =200 fs (see Ap-
tection. The signal is displayed as a correlation plot in thependi¥. The time and frequency profiles of the pulses may
frequency domain, be visualized by displaying their Wigner spectrogram,

Enargy / cm” -Energy / cm’

CONTROLLING THE DIAGONAL,
ERTONE, AND COMBINATION BANDS
OF COUPLED VIBRATIONS
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+o0 ) - 10
IW(T,w)=’f dsE (r—s/2)(7+s/2)e'“3|. (9 2 5f
% o [ {
3 6 o« °

The spectrogram of our Gaussian pulses is shown in the left ; 4| !
column top row panel in Fig. 2. We also show its temporal 8 2 I D
profile |E(7)|? given by the frequency integral of the spec- 0
trogram(known as a marginal c ] .

F(w;,w3) was simulated by varying the time intervals Q9 08 | * & L '
To1, Tap DE€tween 0-50 ps in7=250 fs increments creating So6fs !t [ )
a grid of 200x200 points. The time step for integrating the il 04 L : i 7
NEE equations was 200 fs in the absence of optical field and ‘g’ 0.2 X : E ' c
50 fs when the field is present. This is much shorter than the © -
oscillation period of polarization envelog200 fs<~3 p9 0
and of the optical field envelop&0 fs<~300 f9. The pho- s 'r
ton echo spectrum of an ideal system with narrow spectral *é :
lines should have three peaks: the diagonal peak T 05 | : i !
(D) (w? ,®3)=(10cm 1,10cm ); the combination two- % ; i
exciton band €) (w{ ,w3)=(10cm *,—10cm %), and the S8 [t o
overtone cross-peakQ) (o, w3)=(10cm % —26cm ) ()
related to double excitations of the individual chromophores. 0 5 10 15 20

We assumed room temperaturkgT=200cm 1) and Generation Number

. _ 71 .
the bath relaxation rata =50 cm . The coupling gtrength; FIG. 3. Distribution of the cost function in the population of genetic algo-
to the bath correspond to the strong coupling regimgimm (circles and its evolution during optimization; solid line shows the
[27TNmama=0.25 cm L, 27N mpmb=1 cm ! (a=1,b=2)] average cost valuéD) diagonal peak maximizatioriC) combination band
leading to dephasing timé@nverse linewidth 74~5 ps and  optimization;(O) overtone band optimization. The cost value for the initial
overlapping spectral lines. The resulting 2D signal is showr>2Ussian pulses is indicated by a “star.
in the top row of Fig. 2(right column. The broad peaks
overlap and the combination bari@) is hidden under the
diagonal peakD).

We next show how the various peaks may be resolve
using optimized pulse shapes. To define the cost functio
which will be maximized we first introduce the integrated
intensity of peakj;

combination band optimizationW. is increased almost
hreefold and the combination peak, which was not resolved
%rior to optimization, is now clearly visible. The overtone
eak is visible even in the case of Gaussian pulses. However
W, is increased by about 3.5 times upon optimization and
the signal is better resolved. Figure 3 shows that convergence

8 53 _ _ to the optimal result is fast in all three optimizations and
|,Ef S dwlf i dwsF (w1 + 0}, 03+ w), takes 10—20 generations.
-9 — o3
j=D,C,0, (100 V. DISCUSSION
where we focused on the three peaks: the diagonal eak We have shown how the coherent femtosecond two-

(0 ,03), the combination peakc at (0Y,®S), and the dimensional correlation spectrum may be simplified by opti-
overtone peaki, at (w?,wg). The integration intervals mized pulse shapes. The second pulse was optimized to
are 5;=2cm 1, 5;=10cm . The cost function used to maximize the ratio of the intensity of the diagottBl), com-
maximize the diagonal peak is then defined ¥4 bination (C) or the overtongO) peaks relative to the other
=lp/(lc+1p). Similarly we define cost functions for the peaks. The ratio was increased two or three times for differ-
other peakdNc=Ic/(Ip+1g) andWo=Ilo/(Ip+1c). The  ent peaks and the three peaks are clearly resolved by using
evolutionary algorithm is then applied to search for the op-shaped pulses. Our simulations demonstrate that the applica-
timal shape of the second pulse which maximizes the tion of shaped optical pulses in coherent nonlinear spectros-
particular cost function while the first pulse is kept in its copy can reveal otherwise unresolved features, such as the
original Gaussian form. Further details and parameters of theombination peak. The optimal pulse shapes show elaborate
optimization algorithm are given in the Appendix. time-frequency patterns, as seen in the spectrogrdefis

The signals for the optimized diagonal, combination andcolumn of Fig. 2. These indicate that many frequencies are
overtone peaks are shown in the second, third, and fourttmvolved in interference between different elementary transi-
rows of Fig. 2(right column. The corresponding spectro- tions or Liouville space pathways.
grams of the optimized second pulse are shown in the left The ability to control the signal by manipulating phases
column. We further show a section of th® Zpectra for a is intimately connected with the nonlinear response which
particular value ofw,. The convergence of the cost function directly depends on the sum of phases of the fields. Different
with generation number is displayed in Fig. 3. For the diagpeaks in the spectrum are controlled through the frequency-
onal peak optimizatior\Wy, is increased by a factor of 2 and dependent phases of the shaped optical pulse. Pulse shaping
the optimized signal shows only the diagonal peak. For theffers various avenues for interfering the many contributions
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to ¥, and genetic algorithms provide an affordable way toterval: W( 1) ={tanh(,+ 7)/oy) +tanh(@,— 1)/oy)}2; the
search the huge parameter space. We have only exploredparameters,, and o, define the width of the window and
small fraction of the numerous possibilities offered by Eq.decay rate of the cutoff.

(3) for control: We focused on thg&, technique and only Our search starts with a Gaussian enveldpg(7)
shaped the second pulse with a limited set of parameters. Ia exp(— 72/205;)_ Direct Fourier transform applied
the two pulse echo generated in the directigrr —k;+k,  to  the Gaussian pulse gives[ drEg(7)exp(w)
+ k5 the second and tﬂrd pulses are_the same and_the phases;(w)explds(w)), where the amplitude€g(w) and the
factor is —i®(wa—w1) +iPy(wp— wy) +iPy(wc—wy).  phaseds(w) describe the Gaussian field. The shaped pulse
Studying the other techniquek,=k;—k,+ks, ky=Ki is obtained by adding a frequency dependent phase:
+k,—ks, and ky =k;+k,+ks together with a full scale be(0)= ¢ (0) = pe(w) + ¢j(w), where the additional
three pulse optimizations will be most valuable. phase profile; () = Cyj .+ Cajn SIN(Csj,0+Cs,) is defined
Our simulations performed in the weak laser field limit by four parameters,;,, (U=1,2,3,4). It is also possible to
demonstrate the importance of interferences among differenhodulate the amplitudé;,(w), this was not done here and
coherencegEq. (3)]. The control could be also improved e seté; (w) = Eg(w).
applying strong saturating laser fields. The Liouville path-  The initial width of Gaussian pulses was taken to be
ways involving saturated populations of the excited states;,;=200fs, a time window of 4 ps was considered for the
during particular times could contribute significantly to the shaped pulseT=2 ps), N;=128 frequencies of the Fourier

signal, providing new avenues for control. space were used in the Fourier transformation and the win-
Controlling the pulse polarizations by separately shapingiow function parameters were accepted as followg:

the envelopeg;, with a=X, y, zis an exciting new possi- =1.6ps,,,=100fs. We used a fixed pulse polarizatian

bility opened up by the pioneering work of GerBefhis =z parallel to the transition dipoles. All quantities in this

should be particularly appealing for the study of chiral sys-section refer to this component of the field. We will therefore
tems. Pulse shaped signals combine all tensor componengsnit the indicesj « in the following.

coherently. Circular dichroisiCD) spectra, widely used for The genetic algorithm consists of several steps which,
characterizing chiral systems probe particular tensor compGadopting evolution theory terminology, are labeled as
nents Of)((l). Pulses with shaped polarization profiles ShOU|dpopu|ati0n-creation’ selection, crossing, and mutatfon.
provide a novel and unexplored domain of nonlinear specThese are defined within the chosen optimization parameter
troscopy, which could provide many more sophisticatedspace.

means for studying chiral systems with much more detailed  |n the first population-creationstep, an ensemble o
information than linear CD spectroscopy. Coherent controphase profilegrepresenting\ trial optical pulsesis gener-
algorithms could also be helpful in the design of NMR pulseated randomly. This forms the first generation of pulse popu-
sequence$?'® Employing shaped pulses in third order ex- [ation; N is a parameter of the algorithm. Each member of
periments allows not only to resolve the underlying transi-the population corresponds to one poioj ,(02,03'(;4) in the
tions(which can be obtained using tunable narrow band |asef0ur_parameter space. In the secosélection step, the cost
sourcegbut also makes it possible to resolve dynamical profunction is calculated for each population member and the
cesses such as exciton transport and relaxation, charge seprcision whether a selection is accepted is made using the
ration and transfer. following rule: An integer random numberis generated in

the intervallL; ,L¢] andx population members with the low-
est cost are selected. The numbers(L;<N) and L (L;
<L{<N) are also parameters of the algorithm.

The support of the National Institutes of Health A new generation of the population is created using the
(GM59230-01A2 and the National Science Foundation selectedx members of the first generation while the other,
(CHE-9814061 is gratefully acknowledged. N—x, are created from the selected members by means of

crossing The following rule draws an integer random num-
bery from the interval[1,M], whereM is the number of
APPENDIX: THE GENETIC ALGORITHM parameterg4 in our casg select randomly two members

In this Appendix we briefly describe the pulse parametri-(With parameters(? andc(?) respectively, from the selec-
zation (and shapingalgorithm and the genetic optimization tion, and create a new membeff”, defined as
scheme used in our computations. D

The envelope functiok;,() (r=t—7;,) is parameter- - Ci’v USY
ized by changing Fourier amplitudes and phases of its direct c?, u>y.

Fourier transforni> The complex time envelopg;,(7) is
given by This is known as a single point crossing.
In order to explore the new points of the parameter

Ei“(T)ZW(T)f do&(w)exdi¢;(w)—iwT], (Al) space, a noiseputation is added to all parameters of the

newly created population. The mutation is added as a shift of
whereé;,(w) and ¢;,(w) are real functions. The window- the parameter value by a Gaussian random nurabgith
function W(7) selects the interval{ T<7<T) by adding zero mean and the width,,. Then, for instance ,=c,
smooth decay of the field amplitude at the edges of the in-+w,,z, wherew,, is a weight factor for the parametey;.
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