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A finite-difference time-domain formalism for simulating coherent linear pulse propagation is
presented that incorporates a medium response described by any two-time energy gap correlation
function. Two algorithms, for real and complex correlation functions, are developed to evaluate the
electric polarization through explicit treatment of the density matrix for a two-level system. The
coherence relaxation terms in the resulting finite-differenced Maxwell-Liouville equations depend
on integrals over the energy gap fluctuation correlation function. The algorithms are used to simulate
ultrashort mid-infrared pulse propagation through optically dense samples of HDO in ligQich®

a demonstration of their performance and flexibility. These algorithms represent a first step toward
the goal of incorporating complicated material responses into the full-field simulation of nonlinear
pulse propagation and nonlinear optical spectroscopy2003 American Institute of Physics.

[DOI: 10.1063/1.1580804

I. INTRODUCTION throughout the multiple parametric generation stages needed
to achieve high pulse energies; therefore, the latter approach

The study of optical coherence phenomena has a Ion% . . . .
. . : often more feasible. High oscillator concentrations are also
history, rooted in the seminal work of Brewer and .

Shoemaket? McCall and Hahri and Hartmann and intrinsic to studies of neat liquids. However, pulses with du-

co-workers"® among other§. These early investigations rations on the_order of th_e inverse Iin_ewidth of a trgnsition
have developed into modern-day ultrafast nonlinear opticaﬁ:an pecome distorted during propagauor.] through highly a,b'
spectroscopy and its theoretical descripfidaltrafast spec-  SOTPtive samples, a phenomenon resulting from destructive
troscopic techniques can now measure third- and highell_nt_erfezrlegzce between the |n|2t:)al pulse and the (S)Dit
order nonlinearities on femtosecond time scdféd:how-  drives™=" These “FID beats™ on the trailing edge of
ever, the more simple phenomena of the optical freepulse§ can dlstort_ the resultant_ vyaveforms and theref(_Jre
induction decay(FID) and coherent pulse propagation still cOmplicate the retrieval of dynamic information from experi-
impact nonlinear measurements and are subjects of continipental transient§?'®#**¢For example, Spano and Warren
ing investigation:>*3 Pulse propagation effects, i.e., featureshave shown that the dephasing time measured via photon
due to the coherent propagation of short pulses through &cho spectroscopy depends on optical den§dip) when
resonant medium, contribute to measured optical responség@mple ODs are roughly one or higii&xvhile such optical
and warrant special attention in time-resolved spectroscopigensity effects were observed in linear mid-IR pulse propa-
studies using few-cycle pulses and optically densegation decades agd:?® explicit consideration of their influ-
samples#~20 ence on nonlinear mid-IR transients has been limited: one
One area of ultrafast spectroscopy in which propagatiomeport incorporating propagation effects on mid-IR pump-
effects are particularly relevant is nonlinear mid-infraredprobe measurements has appeared in the liter&tumed in-
(mid-IR) spectroscopy. The study of nonlinear responseslusion of propagation effects was briefly mentioned in the
from vibrations is challenging because vibrational transitionanalysis of recent photon echo measuremghisis there-
dipole moments &) are typically much smaller, often by fore desirable to develop the appropriate machinery to ac-
orders of magnitude, than those of electronic transitions. Theount for such effects in the simulation of signals so that the
factor of| u|® that appears in expressions for third-order non-dynamic time scales of molecular relaxation can be deter-
linear signals therefore results in vibrational responses thahined accurately. The first step toward realizing this goal is
are significantly smaller than their electronic counterparts. Inthe development of a simulation algorithm for the simplest
addition to employing signal averaging techniques to encase—that of linear pulse propagation. Such an algorithm
hance signal to noise ratios, two strategies are often pursueén then form the basis for more complicated extensions to
to make such measurements possible: increasing incideRpnlinear responses.
pulse energies, sometimes to the level of tens of microjoules, There are a number of strategies for modeling the influ-
aanor increasing chrom.oph.ore concentration. Itis atec_hnoence of pulse propagation on optical transients. In the ul-
logical challenge to maintain short mid-IR pulse durationsyafast spectroscopy literature, the most common method is
to model the propagation of the pulse envelope with a set
¥Electronic mail: jgruetzm@uchicago.edu of Maxwell-Bloch equations under the rotating wave
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(RWA) and slowly-varying envelop€SVEA) approxima- ent correlation functions for the OH-stretching vibration are
tions171923.2428while this approach is computationally also presented and discussed. Concluding remarks are given
simple, the RWA and SVEA lose accuracy for transitionsin Sec. V. Finally, the finite-differenced partial differential
whose spectral width is comparable to their centerequations needed to simulate electric field propagation
frequency? and few-cycle optical pulses, respectively. Fur-through materials described by real and complex correlation
thermore, this method assumes that the Bloch model is afunctions are provided in Appendices A and B, respectively.
appropriate description of the medium; i.e., the relaxation is

purely homogeneous. In addition, any phase information

about the field is lost as only the pulse envelope is simulated!- BACKGROUND

Therefore, it would be advantageous to develop a more gen- The FDTD method is based on finite-differenced expres-
eral method that propagates the full electric field of the p“|sesions for Maxwell's curl equatior®3° Derivatives in the

and apcounts_ for a pqsmbly non-Markovllan response of th‘E‘:url equations are treated as second-order-accurate finite dif-
material (particularly important for nonlinear extensions ferences, and the resulting equations are advanced in time

while not relying upon the RWA or SVEA. and space. The simulations presented in this article model the

. This paper presents a computatiqnal approagh for mocbropagation of linearly-polarized electromagnetic fields in
eling linear, ultrashort pulse propagation that achieves thesg,o dimensior{along thez-axis) through a nonmagnetic, di-

goals. It is based on the finite-difference time-domaingeciric medium with no free charges. The curl equations are
(FDTD) method, which has been used extensively to modelherefore

electromagnetic field propagation through media as diverse

as human tissue and photonic structfe€. The full-field oHy 1 JE @
simulation algorithms reported herein describe the electric gt  wo 9z’

polarization via equations of motion for a two-level system

density matrix and utilize a correlation function treatniét %Ex = LoHy 1P )

of the relaxation. The formalism has the flexibility to incor- ot € dz e dt’

porate real or complex multiterm energy géfuctuation  whereE,, H,, andP, are the electric field, magnetic field,
correlation functions, providing a means to include correlaznd electric polarization, respectively. The permeabifity,
tion functions from nonlinear spectroscopic measurements iy that of free space everywhere in the simulation, and the
the linear pulse propagation simulations. The algorithms argermittivity, €, is that of the medium in which the fields are
used to model the resonant propagation of ultrashort mid-Iipropagating, either free space or fiutelectrig solution®
pulses through optically-dense samples of HDO in liquid  The focus of the present computational effort is the treat-
D0, showing the sensitivity of propagated fields to opticalment of the polarization term in ER). In the general case,
density, initial pulse chirp, and the correlation function itself. the polarization cannot be expressed as merely a constant
The next paper in this series will further explore propagationimes the electric field; therefore, it cannot be folded into the
through HDO:BRO by incorporating correlation functions electric field derivative of Eq2) but must be treated explic-
from nonlinear infrared spectroscopy into the CF-FDTDitly. A number of FDTD strategies have been developed to
simulations® While the present formalism and simulations treat media with a wavelength-dependent dielectric function.
treat only linear propagation, they represent an importanin the classical case, the recursive convolution FDTD
step toward modeling pulse propagation in nonlinear experimethod(Ref. 34 and its piecewise linear extensiBrhave
ments, in which the ability to incorporate the non-Markovianbeen successful in modeling Debye and Lorentz media. Taf-
response of the material is essential. Linear spectroscopy ikve and co-workers have developed the auxiliary differen-
in theory, completely described in the frequency domain bytial equation method for treating similar materidi# varia-
the absorption coefficient and refractive index. However, thaion on the RC-FDTD method that can simulate a classical
extension to nonlinear spectroscopy is accomplished morenderdamped or overdamped Brownian oscillator was re-
naturally in the time domaif,making the time-domain CF- cently employed by Beard and Schmuttenmaer to success-
FDTD method a more useful starting point for future mod-fully model the propagation of femtosecond terahertz pulses
eling of nonlinear responses. through dielectric media, with and without optical
The organization of this paper is as follows: Section Il perturbationt* While these algorithms are highly successful
provides a basic introduction to the FDTD method and refor their specific applications, they are purely classical; field
views strategies for modeling electromagnetic field propagainteractions with high frequency vibrations are more prop-
tion in dispersive and dissipative media. This backgrounderly modeled using a quantum mechanical treatment of the
material is followed by a description of the CF-FDTD for- material, making a semi-classical approach desirable.
malism for real and complex material correlation functions  Joint Maxwell-Bloch and Maxwell-Schdinger equa-
in Sec. lll. Section IV presents simulations that demonstrateéions for two-level atoms have been incorporated into FDTD
the optical density and chirp dependence of linearly propaalgorithms to perform semi-classical simulations. Tarasishin
gated ultrashort mid-IR pulse fields, focusing on resonanet al. developed a set of equations for the magnetic field,
(with the OH-stretching vibration propagation through electric field, electric displacement, and population inversion
samples of HDO in liquid DO. The simulation results are of the system; their algorithm was used to test the McCall—
compared with experimentally-determif@celectric fields. Hahn area theorem and model light amplificatiéri®
Simulations of fields propagated through media with differ-Hughes modeled the breakdown of the area theStemd
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subfemtosecond x-ray generattbrvia carrier-wave Rabi plish this, combinations of the elements of thex 22 (Hilbert
flopping by performing FDTD simulations of high energy, space representatipdensity matrix are formed,
ultrashort pulse propagation; the simulations solved the

Bloch equations with a fourth-order RungewKutta method in P1=Pab™ Poa. ®
tandem with the full-field Maxwell's equations. Ziolkowski p2=1(Pap= Pba)s (6)
and co-worker® have developed a FDTD algorithm that

employs predictor—corrector integration and incorporates P37 Pbb™ Paa: @)

equations of motion for the density matrix of the system intowherea andb refer to the ground and excited states, respec-
the FDTD algorithm. This Maxwell-Bloch FDTD simula- tively, of the two-level system. Equatiorn§), (6), and (7)
tion technique has been used to simulate few-cycle pulsgepresent the in-phasélispersive, out-of-phase(absorp-
propagatiofft and model experimentally-observed carrier-tive), and inversion components of the density matrix, re-
wave Rabi flopping® Ziolkowski's algorithm was only for-  spectively; conservation of probabilitp{,+ py,=1) allows
mulated in terms of the Bloch model for the relaxation of athis simplification. The terms in Ed4) for the unperturbed
system of two-level absorbers; however, its explicit treat-and interaction parts of the Liouville equation are well
ment of all density matrix elements suggested the extensioknown®4° giving

to the correlation function-based approach described

herein?? The present paper demonstrates that Ziolkowski’s 0 “o 0
approach can be modified to incorporate non-Markovian P1 M P1
. . . . — Wy 0 2— Ex

functions that describe the system dynamics in a more gen- _—| p, | = ﬁ P2
eral fashion, thereby extending its range of applicability to 9t
dynamically more complex systems. Ps 0 —2% E, 0 P3
Il. CF-FDTD FORMALISM P1

Two CF-FDTD algorithms are developed here. The first, + Lrelax P2 ' (8)
and computationally more efficient, algorithm treats strictly P3— P30

real correlation functions; the resulting equations are identi

. " “with transition dipole moment and resonant frequeney,.
cal to our corrected and extended veréfaf the Ziolkowski P i quendo

lorithm® but h ime-d q fic hat d Here, E, is the completeelectric field calculated via the
algorithm, ™ but have time-dependent coetficients that de-ppp algorithm; the method therefore circumvents the

pend on integrals.over the energy gap correlation.functionRWA_ This leaves only the relaxation term of the Liouville
The second algorithm uses a different representation of thgquation to be determined, and it is here that the correlation

vector of density matrix elements in Liouville space to incor-g o oo treatment of the system—bath interaction is intro-
porate complex correlation functions, resulting in a fully duced

guantum-mechanical treatment of the medium.

A. Real correlation functions 2. Correlation function description of the relaxation

1. Liouville equations of motion The correlation function formalism developed by Muka-
for a two-level system mel has found widespread use in the calculation of linear and

The equations of motion for density matrix elements ardhonlinear spectroscopic signatsnd follows in the tradition

developed naturally in the Liouville space representation oPf Gordon a”‘i,r Kubo's correlation function description of
quantum mechanics®! The Liouville equation of motion is spectroscop§”** Within the second-order cumulant expan-
sion and Condon approximations, Mukamel has shown that

8;3 1. any linear or nonlinear signal can be expressed in terms of a
ot nP 3 two-time correlation function of the energy gap fluctuation

. . . R between two molecular levels of interést,
wherep is a vector of density matrix elements ahds the

Liouville operator, a matrix with elements given by the com-
mutator of the Hamiltoniar[—iﬂ,]. The Hamiltonian for

the present case can be written as the sum of an unperturbe% : . _

i for the i . ith the electric field whereU is the energy gap fluctuation anpqg is the ground
part, Hp, a tgrm or the interaction with the ee'ctrlc €10 state equilibrium density matrix of the bath. A key quantity
through the dipole operatoli,;, and a term describing the apnearing in the material response functions used to calcu-

1
C(Tl)Eﬁ<U(Tl)U(O)pa>a €)

el Yielding defined as
(?;) 1. . - - [t ™
— = 7 Lot Lint Lretadp- (4) g(t)= Ode . drC(7y). (10

The density matrix elements of the vector are then choseithe Fourier transform of eXp-g(t)] yields the line shape of
such that all quantities in the calculations are real. To accomthe linear absorption spectrum.
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By making an analogy_between thg relaxation SUPErop- 4L o T)fgfb”Lre|a>e(0)§§’a”ba
erator treatment of relaxatidhand the line shape function
formalism’ the equations of motion for the density matrix ~ +Lrelad T a5t Lrelad 0)abat:
can be expressed explicitly in terms of the first time deriva- ‘L yaa fag 0)fe.aa
tive of the line shape function or, equivalently, an integral rela 7)ab,ab Lrelad O)ab,ab

over C(;). The derivation of the relaxation matrix follows + [ Lretad 7o aPL g1 0) 28:5]
the treatment of non-Markovian vibrational relaxation by ’ ’
Mukamel according to a partial time ordering prescription [ Lretad 7)an it Lrelad 05 an 1} 17

(POB for the time evolution operatdt. This time ordering is wherea, 3 are bath states. In terms of functioR@ndG, , .

appropriate for condensed phase systems: the bath fluctugy (17) can be reduced to the following sum of correlation
tions have a Gaussian stationary distributtdm, reasonable functions3!

choice for a liquid as the dynamics are the sum of many _
perturbations by the surroundings. The derivation of the re-  Wab,an(7) =2 eXp —i wap){[(G-(7)G_(0))

laxation matrix follows that given in Appendix A of Ref. 31 (G (—NG._(0
and is partially repeated here as E(kl)—(23) to provide a (G-(=nG(0)]
more complete picture of the formalism development. First, +{G_(1)G4(0)+(G_(—7)G,(0))]}
the Liouville equation of Eq(3) is rewritten as a matrix
cloment q +[(F(DFO)+(F(-DF(0)],  (18)
P 1 where
Pi_ = |
= F 4 Liaea, ) 6,=%(G,+Gy, G =1(G,~ Gy 19

where each element is still an operator in the bath sfthee represent the average transition energy and gap fluctuations,

dipole perturbation is not present in the Liouville operator of €SPECtVely. Wya pa(7) is the only other nonzero off-
Ref. 31 and so will not be included in this discussidiote  didgonal component for this systefire., where at least one

that the imaginary constanti is absorbed into the Liouville of the subscripts iab or ba)_, as_F andG are assumed o b_e
operator and the summation is over stateandb; redefini- uncorrelated and the contribution of the correlation function

tion of the density matrix elements s, p,, andps, will [0 F to the off-diagonal dephasing terms is ignored.

be performed after the equations of motion have been ob- YSINg the POP and truncating the time integrals to sec-

tained. The relaxation of the density matrix elements is dic®Nd order in the cumulant expansion approximation, the

tated by tetradic operatofs andF for the dephasingdiag- equation of motion for the system density matrix becaothes

onal coupling and population relaxation(off-diagonal p .. t .
coupling, respectively. As the population relaxation will al- == Lop—( f drQ(t— T))P, (20
ways be treated as a single exponential decay, only the off-
diagonal density matrix elements will be developed herewhere
Th at A < .
ey ar QO(t—7)=W(t—rexd —Lo(t— 1. 21)
Ipab ; e A For the f li f this article, the int | in EQO)
= —iwopay—iF[paa—pPon]— 26 pap. (12) or the formalism of this article, the integral in (¢l
at : o ¢ is the relaxation Liouville operatol, ..., Of EQ. (4). The
J incorporation of the line shape function into the formalism is
IPba_, woppa—iF[Pob—Paal — 2iG ppa. (13 demonstrated by considering one of the off-diagonal density
at matrix elements!
with commutatorgsuperoperatojs Ppa . t
. at :_lwbapba_(f dTA(T))Pba, (22
F=[F(Ja)(b[—[b)(al).], (14 0
~ | | | | where
G=[G,la)(a|+G,|b)(b|,]. (15
D@ GIDIEL) AP =2{[(G_()G_(0))+(G_(~ 1G_(0)]
The correlation function termed/ in Ref. 31, (G (1G4 (0))+(G_(—1)G. (0]}
W(t—7)=(Lrealt—nextd Lo(t— 7)1l em(0)), (16 +el b (F(n)F(0))+(F(- DF(0))]. (23

is important for expressing the equations of motion in termsThe connection of this equation with the line shape function
of the energy gap correlation function, which can be deterformalism can be understood by examining the quantities
mined from the components &Y. For examplée’: G.(7) andF(7). G_(7) and G.(7) represent the energy
gap fluctuation and fluctuation in average energy, respec-
tively, while F(7) represents population fluctuatiotisThe
correlation functiorA(7) describes the overall dephasing of
this density matrix element. If population relaxation contrib-
X{[ Lretad 7)5hat Lretad 0)abap: utes only negligibly to dephasingften the case at room

vvab,abu):;[; P(a)exp—iwgpT)
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temperaturgand fluctuations in the energy gap are not cor- JE, 1 dH, 1 9P,

related with fluctuations in the average energy, then the cor- Gt e 9z e at
relation function in Eq(23) contains only autocorrelations of
G_(7). Therefore,A(7) measures energy gap fluctuation dHy Ngu. Npwg
correlations. By analogy with the correlation function for- ==, ~ 9Pt ———p2, (29
malism presented in Ref. A(7) therefore plays the role of
the correlation functionC(7) [Eq. (9)]. Further comparison ﬂz —4(t) (30)
to the formula for the line shape function in H40) reveals ot @orz= 9P,
that Eq.(22) can be recast in terms of the time derivative of p
9(v), %Z_wopl‘Fz%ExPs_g(t)Pz: (31
JPba . -
ot~ 1@paPba=9(U)pva. 24 %:_Z%Expz_-l—i(%_%o)- (32
1

A similar equation can be written for the other off-diagonal Equations(29—(32) are finite-differenced after multiplying
elementp,y,. L eaxcan then be formed via the combinations the density matrix elements by €xpg(t)] for p; andp, and

of elements prescribed by Eq§) and (6) For a rea|g(t) eXp(_t/Tl) for pP3- These correlation function-based FDTD
(the complex case will be treated in the next sedtighe (CF-FDTD) equations are given in Appendix A, along with

relaxation matrix becomes simply additional details about the algorithm. The resulting equa-
tions show that knowledge af(t) and its first time deriva-
—g(b) 0 0 tive [or,. equivalently,C(7) and its.integra[bi.s sufficient .to
) determine the coherence relaxation terms in the density ma-
_ 0 -9y O trix equation of motion. The time derivative is a linear op-
Lrelax ’ (25) . .
1 erator; therefore, any sum of line shape functions represent-
0 0

ing, for example, multiple Brownian oscillators can be

T : . .
! incorporated into the algorithm.

where, as stated above, correlations between the diagonal
and off-diagonal elements of the tetradic relaxation superops. complex correlation functions
erator have been neglect®dCombining Eqgs.(8) and (25)

gives the equation of motion for the density matrix, The description of the system—bath interaction with a

real line shape function is applicable when a stochastic or
otherwise classical view of the relaxation is taken, as is often
the case in practice. However, this approach does not neces-
sarily capture a fully microscopi@.e., quantum-mechanioal
P2 picture of molecular interactions. The neglect of an imagi-
nary part of the line shape function inherent to a stochastic
description results in a model that does not satisfy the
fluctuation-dissipation theorem, i.e., the bath influences the
. system, but not vice versaWhen applied to vibrational
—9(v 0 0 p1 spectroscopy, this assumes that low-frequency vibrations
0 —g(t) 0 coupled to the mode of interest do not themselves undergo
P2 ' modulation of their frequencies; this may not be a valid as-
—_— | \ p3—pao sumption for strongly-interacting systems. Furthermore,
T without an imaginary component of the line shape function,
26 5 frequency or Stokes-shift of the transition is not possible.
For a more general treatment of molecular relaxation, par-
ticularly for future extensions to nonlinear responses, the CF-
ﬁDTD algorithm should be expanded to incorporate complex
line shape functions.

The equations for simulating pulse propagation through
media with a complex line shape function are analogous to
__ _ the real line shape case. However, the need to include the
Px0)=~Nulpan(V) + poaH)]= = Npa(V), @7 complex conjugate of(t) (g* (t) #g(t)) precludes the use

with N equal to the number density of two-level absorbers®f the same vector of density matrix elements as in Egs.

Therefore, the coupled Maxwell—Liouville equations for the (5)—(7)- A convenient means of representing the vector is to
fields and density matrix elements are not combine the off-diagonal density matrix elements, but

leave them as the first two elements of the vector. Hence, the
H, _ 1 JE, vector elements are

— , 28
ot Mo 9Z 28 P1=Pab; (33

0 wqo

0
M
& - (1)0 O 2% EX

m
x
o

where the initial inversiopsy has been subtracted fropg in
the relaxation term. The population relaxation is treated as
single exponential with lifetimd; in all cases.

The polarization of the medium is linked to the density
matrix through the relation
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P2=Pbas (34) and phase via the XFROG analysis, examined the effects of
optical density and initial pulse chirp on the field profiles
P3=Pbb™ Paa: (35 resulting from propagation through a concentration series of

wherep; is still the inversion. Following the same procedure Samples. As a number of recent nonlinear mid-IR spectro-
as in Sec. Il A, the Liouville equation of motion becomes SCOpic measurements have proposed correlation functions for

the OH-stretching vibratiof*’~#°this system also provides

wo 0 _ EE a unique opportunity to simulate experimental pulse propa-
h* gation results using parameters obtained almost exclusively
J P w P from the literature. Furthermore, comparison between ex-
7t p2 | =1 0 — o %Ex P2 periment and simulation allows examination of how well the
p3 p3 proposed functions describe early-time relaxation. The ex-
K K quisite sensitivity of the FID beats to early time dipolar re-
—-2—-E, 2-E, 0 X : :
h h laxation results in beat patterns that depend on the details of
. the line shape function in the first200 fs: even if line shape
—g(t) 0 0 01 functions yield very similar absorption band shapes, the field
0 —g* (1) 0 modulation due to interaction with high OD samples can
+ 1 p2 ' distinguish them if the spectra resulting from these functions
0 0 —_— | \ p3—pao do not completely overlap. This phenomenon will be ex-
Ty plored in depth in the next paper in this serféShe purpose

(36) of the simulations presented herein is to illustrate the con-
The polarization now is expressed as a sum of vector elesentration, chirp, and correlation function dependence of the

ments, propagated fields as a demonstration of the general capabili-
ties of the CF-FDTD algorithms.
P)==Nulps(t) +pz(V)], (37 The experimental details were reported in Ref. 20. The
giving the following Maxwell-Liouville equations: number density of OH oscillator$y, was determined from
JE JH. N the concentration of the HDOJ® samples to be
x_ Ty —'M{[i wo—g(1)]py ~1.7-6.7%x 10°® m~3. The transition dipole momenty,
at 0z € was calculated from the integrated absorption coefficfent
. - via the Einstein B coefficient; the value qf was 7.612
~liwotg*(D]pa}, @8 10 3! Cm. The permittivity of the solution was set to that
p1 . W of neat O at 3400 cm* (e=1.457x 10" 1 J 1 C?m™1),%
7:['“’0_9(")]91_' gExP& (39  which is close to the OH-stretching absorption maximum. In
addition, the initial inversion was 1 for all simulations; that
p2 . . e is, all molecules were initially in the ground vibrational state.
7:_[Iw°+g*(t)]p2+lﬁExp3’ (40 The electric field amplitude and phase parameters of the
driving pulses were obtained from XFROG measurements of
%:Zi EE (po—p1)— i( —pao) (41) the instrument response and pulse after propagation through
at fioxP2m PUTT APe T P30l the D,O solvent® The initial pulses had a Gaussian enve-

where the equation for the magnetic field is the same as E4OP€ @nd carrier frequency matched to that of the mid-IR
(28). Note that @p,/dt)* =dp,/at, as expected. It can be pulse, which was resonant with the OH-stretching transition.

The initial pulse field duration was set to 88 fs, which as-

shown that these equations are equivalent to E2—(32) , .
ysumed propagation through neat@and the CafFwindows

wheng(t) =g* (t) and the coherence elements of the densit ¢ s
matrix are redefined according to E¢8) and(6). The finite- ~ Prior to the PC-FDTD calculation. The group velocity dis-

differenced equations and time-dependent coefficients fopersion(GVD) was determined from polynomial fits to the
simulations using this material description are supplied if€MpPoral phase determined by the XFROG algorithm. The
Appendix B. form of the electric field of the initial pulse was therefore

IV. SIMULATION RESULTS AND DISCUSSION sir[wpt+at2], (42)

2
E.(t)=Egq exp{ -2 In(2)<£>
To demonstrate the utility and versatility of this compu- T
tational approach, the CF-FDTD algorithms are used to
simulate the resonant propagation of ultrashort mid-IR pulsewhereE, is the initial magnitudéarbitrarily set to 1.0 for all
through samples of isotopically-diluted watéHDO in calculations; variation oE, by several orders of magnitude
D,0). Recent experimental measurements of pulse propagai either direction did not affect the resylts is the pulse
tion through this system using the cross-correlationduration,w, is the pulse carrier frequency, aads the GVD.
frequency-resolved optical gatingkFROG) (Ref. 46 tech-  Addition of third order dispersio(TOD), determined by the
niqgue have determined the electric field profiles before andame polynomial fits to the XFROG data, did not signifi-
after traversing optically dense solutiofisThe measure- cantly change the resulting profiles; therefore, TOD was not
ments, which allowed extraction of the pulse field amplitudeincluded in the simulations reported herein.

Downloaded 08 Oct 2003 to 128.135.233.50. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1596 J. Chem. Phys., Vol. 119, No. 3, 15 July 2003 Julie A. Gruetzmacher

1.0 A B c - 1.0 A B
~~ =3
g 0.0~ S 0.0
~— o
o T -1.0
o 1.0 = 10 C 5
s D E F 2
= B 00
3 00 Www 2
[ 1.0
1.0 1.0 AC B-D
1.0
A-D B-E C-F W 00 MWMWWMMWNNWWAWMWVWWNWWWMWWWMWM
-100 0 100 200 -100 0 100 200
-1.0 time (fs)

-100 0 100 200 -100 O 100 200 -100 O 100 200

time (fs) FIG. 2. Dependence of simulated and experimental fields on driving pulse
) ) ) ) chirp; 1:50 HDO:BQO sample. First row: experiment; second row: simula-
FIG. 1. Dependence of simulated and experimental field profiles on OHjop: third row: AE=experiment— simulation. GVD=(A, C) 2X 1075
concentration. First row: experiment; second row: simulation; third ®&:  ¢s-2. (8 D) 7% 107° fs~2. Simulated and experimental fields are normal-
=experiment— simulation. (A, D) 1:200; (B, E) 1:100; and(C, F) 1:50 ized to a maximum of one.
HDO:D,0 mole ratios. Simulated and experimental fields are normalized to
a maximum of one.
structive interference between the driving pulse and(§)I3
more complete when the pulse is closer to the transform
A. Optical density and chirp dependence limit, as was observed in the amplitude and phase profiles
pbtained from experimerf. The CF-FDTD simulations suc-
cessfully reproduce this trend.
The simulated fields shown in Figs. 1 and 2 arise from
nteraction with a homogeneously-broadened Bloch medium.
ualitatively, the agreement between experiment and simu-
s, selecad o match e ful width at i maximum (107 8018 S00% Mo e o prencers et e
(FWHM) spectral width of the absorption band, and the o ’ ! .
population relaxation time of 700 fs was obtained from thedoes r_10t quantitatively account for th_e observed fields, as is
literature®® The experimental and simulated fields are showrgSPecially apparent for the more chirped pulses. The next
in the first and second rows of Fig. 1, respectively, and th ssue to consider f(_)r its |anL_|ence on FID beat patterns is the
difference (experiment-simulationis displayed in the third orm of the correlation function, as the Bloch model does not
row. The number density of OH oscillators in the Sampleprowde a realistic description of ylbratlona_l relaxation in wa-
ter. The energy gap correlation function for the OH-

incr from | right. Variation +50fsdidn . . . .
creases from left to right. Variation df, by =50 fs did not stretching vibration of water has been pursued intensely

significantly alter the simulated fields, consistent with the ince the development of short-oulse mid-IR sources in the
linear response and fixed total dephasing time. The simulate P ) b . X
000 nm spectral region. Despite remaining disagreements

fields show the same trend as that observed in experimena'bout the details of the relaxation, the body of evidence
the FID beat grows in magnitude with increasing concentra- . - y ;
massed to date indicates, not surprisingly, that the relaxation

tion, with a second FID beat being generated in the mosf o 47-49525 S
optically-dense sample. A phase shift occurs between the non-Markovian in charactéf: The availability of

lobes of the field profiles, as would be expected from theseveral correlation functions affords the unique opportunity

phase relationships between the driving pulse, polarizatior;[0 examine how they are manifested in the propagation of

and FID??2 However, the shift is not prompt and is obscured Td-IR pulses through these samples via the CF-FDTD al-

in the nodal regions, presumably due to the residual Chirlg;orithm; this investigation will be detailed in the second pa-
(~2x10°5 fs~?) on,the pulses; this was observed in the P€T in this serieg? In the next section, a series of basic

XFROG results as temporal phase jumps with finite sldfes. ;:bcilriielatflcm fuglc;tlgg_lt_)g)esl arr(iethurﬁedir:ca[rde:innons'[r\a/ueri t?e ﬂfex-
To further investigate the influence of pulse chirp on the y ot the L. algo s cating a variety o

simulated profiles, comparisons were made between fielojéne shape functions with different degrees of memory.

propagated through the 1:50 HDGQD solution with differ- B. Correlation function dependence
ent chirps, using GVD parameters derived from the corre- P
sponding experimentally-measured input pufSds. the ex- One obvious drawback of the Bloch model is its inability
periments, the chirp was varied for the 1:50 HD@D to capture more than one kind of relaxation. There is only
solution by changing the amount of dispersion compensatioone adjustable parameter, the dephasing figeto describe
before the sample cell. Figure 2 demonstrates the effect dhe coherence dynamics. Figure@A3-3(C) show that the
the initial pulse chirp on the propagated fields. The GVD ineffect of changing this parameter is a simple increase of the
Figs. 2A) and 2C) was ~2x 10 ° fs~2 and that for Figs. FID beat magnitude a$, is varied from 38 to 48 fs, with
2(B) and 2D) was ~7x 10 © fs™2. It is clear that the de- some modification of the relative magnitudes of the beats. A

Experimental and simulated electric fields propagate
through 200um path length samples of 1:200, 1:100, and
1:50 HDO:D,0 solutions. Figure 1 shows the field profiles .
from the experimental data and simulations using a simpl
Bloch model for the relaxation; the dephasing time was 4
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FIG. 3. Comparison of propagation through a Bloch medium and a medium % & ‘\4:\.\ ”

described by a single Kubo function; 1:50 HDQM sample.(A-C) are

(1 . B : . :
Bloch media, andD-F) are Kubo media sharing the same 1/e decay time. 2800 3200 3600 40002800 3200 3600 4000

-1
(A) T,=431s;(B) T,=38 s;(C) T,=48 fs;(D) A '=A~1=43 fs (x= 1); wavenumber (cm’)
(E) A™1=99 fs; A"1=49 fs (k= 0.5); (F) A~1=16 fs; A™1=32 fs _
(k= 2.0). All fields are normalized to a maximum of one. FIG. 4. Response functions €xpg(t)] (A,B) and power spectréC,D) cor-

responding to the media of Fig. 3. Pané% and(C) are characteristics of
the Bloch media, with solidT,=43 fs; dotted—dashed:,= 38 fs; dashed:
T,=48 fs. PaneldB) and (D) represent the Kubo medium, with solig:

: . =1.0; dotted—dashed=0.5; dashedik=2.0.
more flexible model employs the Kubo function, an expo- otted-dashe ashedi

nential correlation function which interpolates between Mar-
kovian (Bloch-typg and inhomogeneouGaussianbehav-  pecome important when considering non-Markovian func-

ior by the relative magnitudes of its correlation time;*,  tions obtained from third-order nonlinear spectroscopic
and root mean square fluctuation strength, measurement&

C(r)=A%exd —Ary]. (43 . CONCLUSIONS

A commonly-used measure of the homogeneous versus inho- The CF-FDTD algorithms detailed in this paper consti-
mogeneous character is the dimensionless parametde-  tute a successful merging of the full-field FDTD method with
fined a$ the correlation function picture of spectroscopy widely used
to describe ultrafast spectroscopic signals. Through explicit
treatment of the density matrix elements of a two-level sys-
tem, these algorithms permit the simulation of pulse interac-
tions with media that relax on multiple time scales. The
Inhomogeneous behavior is obtained fer<1l, when the experimentally-observed FID beat features from pulse propa-
fluctuation magnitude is much larger than its time scale. Hogation through water are successfully reproduced using this
mogeneous behavior occurs in the opposite limikefl. method; the case of OH-stretching vibrational dynamics in
Keeping the same é&/time for the response function water illustrates the power of this approach and the sensitiv-
decay, the shape of the Kubo response function can bigy of the fields to the fastest dynamics. Furthermore, the
readily altered. A simulation using a single Kubo function ability to incorporate correlation functions from nonlinear
with A"1=A"1=43 fs (k=1) is shown in Fig. D). The  optical spectroscopy into the CF-FDTD algorithm allows a
electric field profiles of Figs. (&) and 3F) are obtained by comparison of experimental pulse propagation results with
changingk to 0.5 and 2.0, respectively, but keeping the samesimulation, as will be demonstrated in the next paper in this
1/e time of the response function. The corresponding reseries® This is a potentially useful means to assess the suit-
sponse functions and power spectra for the Bloch and Kubability of the early-time medium response described by a
media are provided in Fig. 4. The power spectra for each sagiven correlation function. The CF-FDTD method presented
of responses are similar, but the relative weight given to thén this paper is sufficiently general to model dipolar molecu-
spectral wings changes witk for the Kubo functions. The lar responses in media with complicated, multi-time dynam-
more homogeneous Kubo response that gives rise to the fields. The incorporation of the two-time energy gap fluctuation
in Fig. 3(F) decays more slowly than the intermediate casecorrelation function into the CF-FDTD approach allows un-
leading to enhanced beats. Conversely, the more Gaussiaprecedented flexibility in describing material response func-
type response decays more quickly following a slower initialtions in a full-field calculation; non-Markovian relaxation
decay and rapidly damps out the FID beats. As can be obezan be treated naturally in this representation.
served in Figs. 3 and 4, the electric field profiles after propa- In addition to the description of the OH-stretching mode
gation are particularly sensitive to these details of the coherelaxation, a number of issues remain to be addressed in
ence relaxation; the time-domain propagated fields enhanaader to more accurately reproduce the experimentally-
the distinction among the responses. This characteristic willletermined pulse fields after linear propagation. The algo-

A
K= K (44)
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rithms reported herein focus on the response of the two-leveb three-level systems, and such an algorithm for Bloch re-
absorbers in resonance with the incoming pulse. Howevetaxation has recently been reporfédTherefore, the CF-
the solven(in this case BO) can also influence the resulting FDTD method has the potential to successfully calculate the
field profiles through nonresonant material dispersion effectseffects of propagation on nonlinear mid-IR spectroscopic
This was apparent in pulse propagation measurementsjgnals from multi-level systems with multi-time, non-
which showed significant broadening of the pulserease Markovian relaxation.

in duration of~10 f9 after traveling through the neat,D

solvent compared to the empty sample cell. In the present

simulations, this effect is treated in a simplistic manner, SetACKNOWLEDGMENTS
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algorithn?® with the CF-FDTD algorithm would lead to a

more accurate picture of the pulse propagation that may ac-

count for some of the driving pulse broadening missing from*PPENDIX A: FINITE-DIFFERENCE EQUATIONS
the simulated fields, as well as some mismatch in FID bealt:OR REAL CORRELATION FUNCTIONS

magnitudes. Uncertainty in experimental parameters could Equations(28)—(32) for the fields and density matrix
also contribute to discrepancies between experimental anglements form the basis for the CF-FDTD algorithm. Before
simulated fields. However, variation of the path length byfinjte-differencing, the density matrix elements are recast in a
+10% did not improve the agreement of simulated fieldsreduced form for computational simplicity, as outlined by

with experiment. Similarly, changing the number density byzjolkowski et al. The three reduced quantities are defined
+10% resulted in worse agreement with experiment, suga°

gesting that uncertainty in concentration is not responsible

. . = —g(t)
for these discrepancies. pi(zt)=uy(z,)e 9, (A1)
The main purpose of the development of the CF—FDTD pa(z,t)=U(z,t)e" 90, (A2)
method is to simulate the effects of pulse propagation on .
nonlinear spectroscopic measurements; the linear propaga- Pa(Z,t)=paot+us(z,t)e” V10, (A3)

tion algorithms presented in this article represent an impor-  The Maxwell—Liouville equations for the electric field

tant first step toward this goal. The modeling of nonlinearyng reduced density matrix elements then become
field—matter interactions could proceed in a number of ways.

In the most simplistic case, this could be accomplished with ‘9_Ex: _ E a—Hy—A(t)u +B(t)u (Ad)
the present linear algorithm by assuming that the nonlinear  dt € 09z ! 2

signal(calculated by other means generated at the begin- au

ning of the sample cell and propagating the signal linearly —1=w0u2, (A5)
through the remainder of the material. More rigorous treat- at

ment will require incorporation of the nonlinear response au,

into the algorithm, as has been accomplished in pump—probe . woUq+C, (t)Eyuz+D(t)E,, (AB)

pulse envelope simulations using the Maxwell-Bloch equa-
tions for both the linear and third-order nonlinear JuUg

polarizations” Third order nonlinearities have been modeled ~ 5 — ~ C-(DExU2. (A7)
in FDTD algorithms by Taflov¥ and Ziolkowski>® who in- _ o _

corporated both Kerr and Raman nonlinearities into phenom- 1€ time-dependent coefficients in E¢a4)—(A7) are
enological material responses. A_similar treatment, modified Nu. i

for a quantum-mechanical material, could be used to extend A(t)=——g(t)e o, (A8)
the algorithms presented here. In the case of water, the

nearbyv=1 to v =2 transition also must be taken into ac- ~ Npwg g

count for third-order respons@§#7-49:52.53:56-58 o-level B(t)= e (A9)
system approach is therefore insufficient to properly model
these nonlinear spectroscopic measurements. However, the
density matrix-based approach is amenable to an extension

C.(t)= 2%ef9<t>ei<”1>, (A10)
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i . space steps and-39000 time steps took approximately

D(t)=2%p30eg( ). (A1l)  1-1.5hto run on a desktop PC with a 533 MHz system bus,
2.4 GHz processor, and 512 MB RAM running Windows

The equations are finite-differenced according to thexp; the sample was spatially discretized\& 00 and had a

standard prescriptioisecond-order accuraf®*® with the  time step at half the Courant stability criterigt® Discreti-

magnetic field shifted one half spacAz) and time At)  zation at theA/200 level resulted in calculated fields essen-

step from the electric field and density matrix equations. Fofially identical with those at tha/100 level. The code was

finite-differencing, terms on the right hand sides of Egs.tested by the successful observation of the self-induced trans-

(A4)—(A7) that containu; treat eachy; as the average of its parency of a 2r seck pulse in a Bloch medium.

value for the current and previous time locations. The space

and time locations of the field and density matrix elements

are set according to the Yee cell representa‘i?owjth the  APPENDIX B: FINITE-DIFFERENCE EQUATIONS

density matrix elements located at the same positions as tHeOR COMPLEX CORRELATION FUNCTIONS

glectric field. With the time—dep.ende.nt. coefficients defined as The FDTD expression of Eq&38)—(41) for the complex
It?onEsq;éAt\r?()a_s(:rit)'a;h';;iiﬂii%%e;r;ggr?;ﬁsﬁggseg irfclﬁz- response function follows that for the real response function
di £ Ziolkowski's  original aper [Eqs as developed in Appendix A. The reduced forms of the new
?ng)n (Z 46)]940 9 pap as- density matrix(vectop elements are identical to Eq1)—
) (A3), except that the complex conjugajé(t) appears in the

H ( 1 H 1 1 At expression fop,,
ylm+5.n+Ss|=H/ | m+5.n-5|— .
22 27 2] mohz pazt)=Uy(z,)e 9O, (B1)
X[Ex(m+1n)—E(m,n)], (A12) The reduced equations are
E +1)=E Hy me 0t 1M, 2
x(Mmn+1)=E,(m,n) Azl mTsnts DT aiai EJrA(t)ul—B(t)uz, (B2)
1 1 1)1 auy
_Hy m_z,n+§ —AtA n+§ E a_t:|w0U1+C+(t)EXU3+D(t)EX, (B3)
X[uy(m,n+1)+u;(m,n)]+AtB Ju
! ! a—t2=—iw0u2+C’;(t)Exu3+D*(t)Ex, (B4)

X (n+3) z[uz(m,n+1)+ux(mn)],

Ju
(A13) a—::C_(t)Exul-kC"i(t)Exug, (B5)

uy(m,n+1) =y (M,n) +Atwo 3[Up(Min+1) with time-dependent coefficients,

+uy(m,n)], (A14) N .
A(t)= —T[iwo—g(t)]e 9, (B6)
uy(m,n+1)=uy(m,n)— Atwg 2[u;(m,n+1) €
+uy(m,n)]+At 2[E,(m+1,n) B(t)=NTM[inJrg*(t)]e‘g*“), (B7)
—E, (m, C. 1)1 , 1
(mmKC(n+ 3) z[uz(m,n+1) C+(t)=—i%eg(t)e‘ o 8
+ug(m,n)]+D(n+ 3)}, (A15)
uz(m,n+1)=uz(m,n) — AtC_(n+ H{ L[E(m+1n) C_(t)=-2i %e*g(‘)e“”l), (B9)
—E, (m,n)]X3[uy(m,n+1) P
—_ = t
+uy(m,n)]}, (A16) D)=~ 13 pae?. (B10)

wherem and n are the indices of the space and time step  Using the same strategy as for the real correlation func-
locations, respectively. The equation fid, is advanced in tion case, the finite-differenced equations for the more gen-
the standard “leapfrog” fashion, while the remaining equa-eral complex function case are

tions for E, and u;—u5 are evaluated with a predictor— At
corrector algorithnf® E (mn+1)=E,(mn)— ——

The platform chosen for the computations was €Az 2 2

1 1
Hy( m+5,n+ 5

MATLAB 6.5, which served as a natural environment due to 1

its vectorizing capabilities. The routine contained on the or- —Hy[m—5,n+ 5| | +AtA| n+ 5| 5
. . 2 2 2)2

der of 100 lines of executable code, depending on the re-

sponse function chosen by the user. Evaluation-@B 000 X[uy(mn+1)+us(m,n)]
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u(mn+1)=

U(mn+1)=

us(m,n+1)=

The complex CF-FDTD algorithm successfully repro-
duces the results of the CF-FDTD algorithm for real func-
tions (Appendix A) when simulations were performed with

J. Chem. Phys., Vol. 119, No. 3, 15 July 2003

—AtB(n+ 3) 3[uy(m,n+1)
+uy(m,n)], (B11)
ug(m,n)+iAtwg $[uy(m,n+1)
+uy(m,n)]+At z[Ex(m+1n)
—E,(mn){C,(n+ 3) 3[ug(m,n+1)
+ug(m,n)]+D(n+ )}, (B12)
Uy(m,n)—iAtwg3[up(m,n+1)
+up(m,n)]+ At z[E(m+1n)
—E(mm}{C%(n+ ) 3[uz(m,n+1)
+ug(m,n)]+D*(n+ 3)}, (B13)
uz(m,n)+AtC_(n+ 2) {[E(m+1n)
—E,(m,n)]z[uy(m,n+1)+uy(mn)]
+AtC* (n+ 3) 3[E(m+1n)

—E,(m,n)]3[uy(m,n+1)+u,(m,n)].
(B14)
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