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Interaction induced effects in the nonlinear Raman response of liquid CS 5
A finite field nonequilibrium molecular dynamics approach
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9747 AG Groningen, The Netherlands

Koos Duppen
Ultrafast Laser Laboratory, Materials Science Centre, Rijksuniversiteit Groningen (RuG), Nijenborgh 4,
9747 AG Groningen, The Netherlands

(Received 8 December 2000; accepted 5 April 2001

The third- and fifth-order time-domain Raman responses of liquid carbon disulfide have been
calculated, taking local field effects into account through the dipole-induced dipole approximation
to the polarizability. The third-order response is shown to be in excellent agreement with
experimental data. The calculated two-dimensional shape of the fifth-order response is compared
with recently reported experimental observations of what is claimed to be pure fifth-order response.
Considerable discrepancies are observed which might be explained by contamination of the
experimental results with sequential and especially parallel third-order cascaded Raman response. A
new choice of polarization conditions is proposed, which increases the discrimination against these
unwanted cascading effects, as compared to the previously discussed fully polarized and magic
angle conditions. ©2001 American Institute of Physic§DOI: 10.1063/1.1374959

I. INTRODUCTION physical interpretation. Brownian oscillator modelsare
more detailed but still abstract and difficult to interpret. Pre-
The ultrafast dynamics in liquids can be studied by fem-gictions of intensities and intensity ratios between the fifth-
tosecond laser spectroscopy techniques. Examples of sugliger response and the third-order cascaded processes cannot
experiments are théheterodynejioptical Kerr effect”and  pe made from these models, since the third- and fifth-order
transient grating scatterintf. The advantage of these meth- responses are dominated by different parts of a Taylor ex-

ods, that are examples of time-resolved stimulated Ramag,nsion of the susceptibility in the coordinates. To provide

scattering experiments, is that they make it possible t0 0bgyen 4 pasic understanding of the high-order Raman experi-

serve the induced motions in real time, rather than as résQqanis and interpret the results in terms of physical relevant
nance. Despite this advantage, the information content Ithformation on liquids, more microscopic models are re-
such time domain experiments is in principle the same as i'auired

frequency domain light scattering experiments. The two Molecular dynamic{MD) simulations can provide the

types of experiments are related by Fourier transforms. : L . . -
. microscopic information needed to give spectral predictions
Tanimura and Mukamel suggested the use of two- ; . . .
. : . . and provide the understanding of the underlying physics. The
dimensional Raman spectroscOpyp give a more detailed 0-13
) o . . instantaneous normal modé&M) method uses shap-
understanding of liquid dynamics. In these experiments two

Raman perturbations, separated by a time of free evolutio shots of the potential surface from molecular dynamics simu-
’ rié\tions, to describe the molecular motion that gives rise to

are applied to the sample. After another period of free evo-

lution the state of the sample is probed. This kind of experi—the Raman spectrum. The use of instantaneous shapshots

ment can be expected to give much more information on thdMits this method to the description of phenomena on a very
structural dynamics of the liquid than the one-dimensionaPhort time scale and the method therefore is not able to de-
experiments. For instance, the two-dimensional data contaiic'io€ properties such as diffusive motion. From full molecu-
information on whether the broadening of the Raman sped@’ dynamics simulation data, the nonlinear Raman spectra
trum is dominated by ultrafast fluctuations on a local mo-¢an be predicted using classical time correlation functions
lecular scale or by density fluctuations on a much large{TCP).**~*® This provides good possibilities to calculate the
length scalé:® The line broadening mechanisms are in thethird-order response function, but the approach is not well
limiting cases described as homogeneous line broadeninguited for higher-order response, since the time correlation
due to interaction of the system with a fast heat bath, andunctions related to the higher-order response become too
inhomogeneous line broadening, from a slowly fluctuatingcomplicated to calculate from the numerical MD détal-
distribution of local environments. The two-dimensional dataternatively, a nonequilibrium MD method, where the actual
also contain information about mode coupling effects, comexperiment is simulated by applying laser fields during the
parable to the well-known coupling effects between spins irsimulations, can be used. This finite fie(&F) method®
two-dimensional nuclear magnetic resonafi#R).”® makes it possible to calculate the fifth-order response in a
Concepts like homogeneous and inhomogeneous lineay that is numerically much less expensive. The third-order
broadening are based on abstract models with an uncleaesponse has also been modeled using a quasicrystal

0021-9606/2001/114(24)/10910/12/$18.00 10910 © 2001 American Institute of Physics
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modef'?2in which the molecular movements are approxi-

mated by the motion in short lived quasicrystalline struc-

tures.

The third- and fifth-order responses were calculated ear-
lier by us neglecting the many-body part of the optical
responsé&’ In this model the polarizability of the sample is
calculated as the sum of single molecule contributions. The
calculated third-order response showed good agreement with Third-order
experiment in the diffusive tail, but serious discrepancies oc-
curred in the short time response. These discrepancies were
attributed to the fact that interaction induced effects were not
taken into account in the calculation of the polarizability.

fe de ba
[ '

tq t2
The intensity ratios found between the fifth-order and the +—— || ¢——>

I
I
1
I
. . I
third-order cascaded response supported the conclusion that I
the experimentally observed fifth-order spetird® were \ v
highly dominated by cascading third-order proce8asery
recently new sets of experiments with improved measuring
conditions have been reportét?® The results of Blank FIG. 1. Energy level diagrams for the third- and fifth-order Raman re-
et al?’ could not be explained by cascaded response alon@onses. The full arrows symbolizes the driving fields and the dashed arrows
; s the emitted field. The polarization directio(@ b, c, d, e, andf) of the fields
and therefore it was concluded thgt the true flfth ordZ%r r€ re shown above the arrows.
sponse was measured. The experiments by Astatod:

showed a weak nuclear fifth-order response.

In this paper, the fifth-order optical response of liquid | the information we can obtain. Usuali>), ,and ), are
CS, is calculated, taking many-body effects in the opticalthe functions determined experimentally. They are denoted
interactions into account. The outline is as follows: In Sec. llz5 the polarized and the depolarized components of the re-
it will be described how the nonlinear Raman response cagponse. Alternatively a separation into a part due to fluctua-
be calculated, with emphasis on the finite field method. Ajons of the anisotropic part of the susceptibility and another
way to estimate the intensity ratio between the true fifth-qye to fluctuations of the isotropic part of the susceptibility
order response and the competing third-order cascading prean pe used. The depolarized component and the anisotropic

cesses will be giVen. In Sec. Il it is described how local ﬁeldresponse are identical. The linear combination with equa|

effects can be taken into account through the dipole-inducegeignt of (3, , X3, andxY,,is equivalent with the re-

dipole (DID) model. Then, in Sec. IV the third-order re- sponse function(g)mm, wherem denotes an axis forming an
sponse, calculated with different methods will be presente@mme of 54.74° with the axis (the magic angle This tensor
and compared with experimental data. Next, the twO-gjement contains only information about the fluctuations of
dimensional fifth-order response is also calculated and comyg isotropic part of the susceptibility. In the independent
pared with the most recent experimental ddtm Sec. Vthe  molecule model of the susceptibility, it vanishes because the
main conclusions of this paper are presented. isotropic susceptibility in the model is constant.

Any response componegt?),, wherek denotes an axis
Il. NONLINEAR RAMAN RESPONSE forming an angle ofg degrees, with the-axis, can be ex-

In a time-domain one-dimensional Raman experiment afPréssed as
initial laser p_ulse pair perturbg the sample _ar_u_j after a de_lay X2z co 0% x3) + sin? GXX(zgé)yy- 2)
t, the dynamics, following the impact of the initial pulse pair

is probed by a third laser pulse. This is shown in Fig. 1. The-ater a choice o# at 60° will be considered. The axis con-
signal is governed by the third-order response functiod€cted with this angle, close to the magic angle, will boe
¥, whereb, ¢, andd are the polarization directions of the denoted with an. It should be realized that an angle of 120
driving fields anda is the polarization direction of the emit- 9iVeS the exact same response as with 60°. It will be shown

ted Rayleigh/Raman radiation. The possible polarization dilater that this can effectively be used to suppress the cas-
rections for the nuclear third-order response are limited b)pa;jed res;()gnse. In Fig. 2 the polarization directions of the
symmetry?® Because the liquid phase is isotropic, the onlyXzzz28Nd X571 components are illustrated. .
tensor elements of the polarization with nonzero response are N the time-domain two-dimensional Raman experiment
X2 x@ x@) andy®),. All permutations of, y, and two initial laser pulse pairs with an intermediate time q§lay
z and linear combinations of these response functions ark @re followed by a Raman probe pulse after an additional

possible. The four response functions are not linearly indelime delayt, as illustrated in Fig. 1. The two-dimensional

Fifth-order

pendent but are related by two expressiths signal is governed by the fifth-order response function
) - X3 4er Whereb, ¢, d, e, andf are the polarization directions
Xz0A D) = XoxzA D, of the driving fields andh is the polarization direction of the

(3) (= (3) ()2 (3) 0 (1) measured signal. For the nuclear fifth-order response similar
Xzzx X222 Xzxzit)- symmetry considerations hold as those made for the third-
Hence, finding two of these response functions will provideorder response and there are five linearly independent tensor
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duce sufficient statistical material. Additionally the noisy
1 background response from calculations without the applied
forces, is subtracted to improve the accuracy. This approach
has also been used in our earlier calculations that did not take
2222 2zl the local field effects into accoufft.It can be easily gener-
123 alized to calculations that include these effects.

3 1 3 Thus, the third-order response function is calculated
from the difference between the susceptibility in the calcula-
tion, where electric field&, andEy, are applied in a time
step of duratiom\t and the background calculation, where no
fields are applied. Thab tensor element of the susceptibil-
FIG. 2. In the upper line the polarization directions of i, andx{%y ity, calculated with applied pump fields with polarization di-

tensor components are illustrated. The circle is the unit circle in the plan - P (1) -
perpendicular to the propagation direction of the laser beams. The IineieCtIcmSC andd, is denOteanlICd’ while the same tensor

symbolizes the polarization alignment of the pulse pairs and the probe anglement from the background calculation is deno,?éﬁoo-
signal fields. Since the pulses in the considered experiments come in align€fhe third-order response function in a sample with number
pairs and the Raman events depend on the product of the aligned fields, t?fensityN is then given by

orientation of the polarization vector of each field is not important. In the '

third-order case line 1 is the driving field pulse pair and line 2 is the probe 1) 1)

and signal fields. In the lower line the polarization directions of the fifth- (3) _ Xab;cd(t)_)(ab;oo(t)

order tensor componentd®, ., x'2),.» andx\) ., are illustrated. Line 1 Xabed 1) = AmeNE.EAL ®)

and 2 are driving field pulse pairs and line 3 is the probe and signal fields. 0 c—d

222222 mmzzzz Hzzi'r'

The fifth-order response function governing the two-
dimensional experiment is given by a time correlation func-

elements® Here, the tensor elementg!>) ) ) : v , .
(5) R2z2222 Xzzzzmm ion of the first-order susceptibilities that includes a Poisson

Xezmmzz N0 XinmzzWill be discussed. The first two were bracket This  complicates  the  evaluation

recently claimed to have been measured experimerftaliy. N 119.20 32
" ) : ) dramatically}*19-2%

addition, the tensor elemeny,’,,, will be discussed be-

cause it is expected to suppress the cascaded response, as 1\2

will be explained later. Herbdenotes an angle of 60° clock- X 3egeft1,t2)= (ﬁ) OSSPt + ) E 1) a3 (0))

wise of thez-axis seen from the direction of the incoming B

laser beams anld denotes an angle of 60° counterclockwise. 1 " ) )
Thus, the angle between these two axes is 120°. B, . - k_BT<Xab(t1+t2){Xcd (t1), Xef (0)})-
component is, using the expression for angle polarization 5
direction dependence in near colinear experimé&htiven (6)
by This time correlation function can be evaluated by approxi-
(5) _ 5 5 5 5 i i i i in-
Xipop)r = %(Xgly)zzz#)((zz)yyz#x(zz)zzy -4% . (3  mating the molecular motion by Brownian oscillatbes in

o o 5 5 stantaneous normal mod€s:3 Using the full molecular dy-
The polarization directions of they,,,, X'nzzzz @Nd  namics trajectoriéS*?is very complicated, since it involves
X{ioy11, components are illustrated in Fig. 2. the calculation of the full stability matri, that tells how

All third- and fifth-order tensor elements can be ex-the phase space coordinates evolve after an infinitesimal
pressed in terms of time correlation functioi&CFs. The change of any phase space coordinate an earlier time,

third-order response function that governs the one-

dimensional experiment, is given by the TCF of the first- X (tq)
order electronic susceptibility y(*), and its time My;(t1,00= ax,(0) | @
derivative!#1831

1 The stability matrix contains the number of phase space co-

Xabed V) =~ 57 (Xab (D xcd (0)). (4 ordinates squared. All elements W have to be known for

b all times in the molecular dynamics trajectory, in order to
The time correlation function can be calculated usingobtain the time correlation function in E¢6). This makes
Brownian oscillator model&? instantaneous normal mode the approach unfeasible unless the number of phase space
data (INM) from snapshots in molecular dynamics coordinates is very limited. A study on thd),, response
simulationd®*® or full molecular dynamics (MD)  of liquid xenon using a variant of this approach with only 32
trajectorie$*~*® of the molecular motion in the sample. atoms has recently been publishéd.

Alternatively, the third-order response function can be  Using the finite field methdd the evaluation of the Pois-
calculated using the finite field methd@F),° where the son bracket is avoided. The fifth-order response can be cal-
actual experiment is simulated using molecular dynamicsculated using the first-order susceptibilities obtained from
Here the forces, due to the optical fields at time zero, arenolecular dynamics simulations where fields have been ap-
actually applied in the simulation and the response is megplied to simulate the experiment. The stability matrix can be
sured by calculating the susceptibility at later time stepstransformed in such a way, that the distortion of the phase
This procedure is repeated for numerous trajectories to prespace coordinates due to the applied laser fields appears in
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just one column. The finite field simulation is thus in prin- fe ol
ciple equivalent to calculating only this column of the trans- !
f_ormed stability matrix. The first-order susceptibility gt any —' s :
time depends on the positiogof the atoms at the particular (
time. The perturbing laser fields are only able to change the A

momentump of the atoms during the short time interval that
the optical interactions occur. The distortion of the atomic
positions at time; due to a change of the atomic momenta at
time zero can in the limit of infinitesimal distortion be ex-

pressed using the stability matrix,

ap;(0
) p'( ) FIG. 3. Energy level diagrams for the two cascading process types. The full

The changes of the momenta caused by the specific distoftrows symbolizes the driving fields that are identical to driving fields in the
. . . fifth-order response. The long-dashed arrows symbolizes the intermediate
tion can be calculated from the forces originating from the;

Aqy(ty)= 2 90kt Ap,—(O). (8) Sequential Cascade Parallel Cascade

ield that acts as an emitted field from one third-order process and a driving

interaction with the fields, field in another third-order process. The dashed lines symbolizes the emitted
field from the last third-order process. The polarization directianb, c, d,
Apk(O) =FAt. 9) e, f, andi) of the fields are shown above the arrows.

A coordinate transformation of the momentum distortion

vector of the system at time zero can be performed so that

only one element of the vectakp;(0) is different from |ations, makes it possible to calculate the intensity of the
zero. This allows us to rewrite E@8) in the transformed third and the fifth-order signals. The calculation of the mi-

coordinates, croscopic response of the liquid and solving the Maxwell
aql equations for the optical fields in the sample can be done
Aqlz_ﬁApI_ (100  separately as long as the simulation box is much smaller than
Jp; the wavelength of the optical field. By the Maxwell equa-

This shows that only one column of the transformed stabilityionNs experimental parameters as the effective sample length
matrix is needed to describe the change of the positions at'a2nd the phase mismatatk are introduced in these coher-
later time. Furthermore, only half of this vector is required €Nt nonlinear interactions. The intensities also depend im-
since knowledge of the change of momenta. is not needed #iCitly on the number densiti, since the first-order suscep-
find the susceptibility. In the finite field calculations this col- tPilities depend on the number density. ,
umn is of course never explicitly calculated, since the C@scading third-order processes consist of two third-

changes of the phase space coordinates are found using nfyder processes that are connected by an intermediate field
lecular dynamics. E;. They are induced by the same fields that give rise to the

The fifth-order response can be determined from fouffifth-order response. The two types of cascading processes,

trajectories: one background trajectory without any appliededuential and parallel cascading, are illustrated in Fig. 3.
fields X(alb);oo;ow a trajectory with the field applied at time Taking the polarization direction combinations into account,

zero xHooer, @ trajectory with the field applied at time EIY\;‘O ?OSSIbIlICtiIeS |e><.|stt.for gach té/pe of ;:?scadmg p;pcless.
t; X .q.00. and one with fields applied at both time zero | |'c "¢ 8Nd polarization dependence ot the sequential pro-

andty x$pcqer- The fifth-order response function then is cesse(; of Fig. 3 a:: "
(1) +4D _ (1) _,@ Xseq,ftl7t2)=Xabci(t2)Xidef(tl)r

X(S) (tty)= Xab;cd;ef ™ Xab;00;00 Xab;cd;00 2Xab;00;ef. ) @ @)
abedef H 4megNEEJELE(At) Xseq.4t1:12) = Xapid(t2) Xcier(t1)-

(1 Similarly the time and polarization dependence of the two

This treatment can easily be generalized to higher order reparallel cascading processes of Fig. 3 are
sponse functions. 5) 3) 3)

In the experiment the laser light is oscillating with an  Xpardt1,t2) = Xaicd(t2) Xiber(t1 + {2),
optical frequencyw. In the calculations this is difficult if not (5) _ 3 (3)
impossible to simulate since the time steps are usually longer XparAt1:t2) = Xipoa(ta) Xaier(t1 + ).
than the oscillation period of the optical fields. The laserEach cascading process is connected with a unique phase
pulses are instead modeled using a dc field, but using thmismatch given by the experimental conditions. The polar-
polarizability at the correct optical frequency. The electricization direction of the intermediate field is determined by
field is taken to be constant inside the simulation box. Thehe polarization directions of the applied fields and the po-
spatial variations of the fields are taken into account whenarization of the measured signal. In Table | the polarization
solving the Maxwell equations for the complete sample usand time dependence are given for the four components of
ing the local response function. the direct fifth-order response, considered here. There is no

Solving the Maxwell equations for the optical fields, us- difference between the polarization and time dependence in
ing the third- and fifth-order susceptibility found in the simu- the two kinds of sequential processes and the same is true for

(12

(13
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TABLE . In fifth-order experiments, with the polarization directions given The intensity ratio is divided into a ratio independent of the
in the first column, competing sequential and parallel cascaded process%g(perimemm condition® that can be used for com-
with time and polarization dependence given in the second and third column _". . abcdef . .
respectively, can show up parison between different calculations and an experimental
factor that depends on the experimental conditions. The ex-

periment independent ratio is defined as

XSPeder X2y Xoa
(3),(3)]2
Xij Xiz}gtgx;?;;tl) Xizjzitz)x%);itlﬂ“tz) R=(47eg)? |X|x<§> |ZI | 15
Xmmzzzz Xmmz£t2)X222£tl) Xmmz{tZ)Xmmzitl-th)
X(5) X(3) {t )X(3) {ty) X(3) {t )X(3) {t+1,) . . . . . .
zzmmzz mmz4t2) Xmmz4 1 mmz2t2)Xzzza11 T L2 where the polarization directions and time dependencies are
X zmm XAt Xiomadts) XAt Xioma At +to) given in Table |. The experimental factér,, is the part of
X XS X+ 1) Eq. (14) not accounted for in E¢15) and given by
mol\? 5
Fex: E f (Akl) (16)

the two parallel responses. Hence, the ratio between the in-
tensities of the true fifth-order signal and cascading processes
can be of two types: sequential and parallel. . LOCAL FIELD EFFECTS

For the)(,(l‘r’z)zl,l, tensor component, the polarization direc- _ _ _ -
tions of the fields in each pulse pair are parallel, but the angle N our earlier studié? the first-order susceptibility ™
between the polarization directions of the pulses in the difWas approximated by the ensemble average of the molecular
ferent pairs are either 60° or 120° as illustrated in Fig. 2Polarizabilitiesa,, whgren is a number Iabeling the differ-
Both third-order processes contributing to any cascaded sit"t molecules. The third-order response function, calculated
nal will be given by pulse pairs with polarization directions USing this approximation, showed good agreement with ex-

separated by 60° or 120°. These third-order response fun®eriment at long times. At sub-ps times a discrepancy was
tions are equivalerfEq. (2)] and were denoteg(),. This  found between the calculated and the experimental functions.

zzIl- . . .
means that both types of cascaded signals depend Q{ﬁhe It was speculated that interaction induced many-body effects,

response squared and therefore all third-order cascaded prdiSsing in the simple description, are crucial at sub-ps times.
cesses are suppressed equivalently. m% third-order Local field effects can be included in the calculation of

component is similar to the third-order magic angle responsdn€ susceptibility by using the dipole-induced dipole correc-

which is expected to be small. The crucial difference petion to the electric field. An individual molecule does not

tween thexl(ls) ., component and the magic angle Compo_onIy feel .the. macroscopic field msuje the sample, but also
2z . (5) the electric fields generated by the induced dipole moments
nents of Table | is that in thg component the polar-

- o lizzl"1" = _on molecules in the local surroundings. The surroundings
ization direction of all three pulse pairs are separated, While. o\ ba divided into two areas: the nearby surroundings with

n the mgglc_angle components, dlscgssed so far, the pOIaEﬁstinct local structure and the surroundings far away that
ization direction of two of the pulse pairs are parallel, allow-Can be described by a continuous dielectric medium. Here
k 3) e ) e Bhe structured surroundings will be considered to be inside a
SIVE X777, PrOCESS. Th'? is depicted in Fig. 2. In the Results,gpherical cavity around the individual molecule. The electric
the advantage of the(®),,,, tensor element will be worked fig|q generated by the induced dipoles in the dielectric me-
out quantitatively. dium is taken into account by using the macroscopic electric
The intensity ratio between each of the third-order casfield instead of the external electric field. The macroscopic
cading processes and the direct fifth-order response can Bigid is the electric field inside a continuous dielectric

estimated from the peak intensities &® sample, due to an external field, applied outside the sample
| ol 2 PRNGIE in vacuum. The local electric field on each molecule arises
ILasz (n_c) fz(AkI)(4ws0)ZW. (14)  from the macroscopic field and the induced dipole moments

5th

on the nearby molecules within the spherical cavity, which

Here, the polarization dependence is omitted for simplicityare taken into account through a dipole interaction term. The

and f(Akl) is a number smaller than one that is determinedcontribution from the continuous dielectric medium inside

by the phase matching conditions. the cavity is eliminated by subtracting a term due to the
Typical experimental wavelengthsi2/w are 620(Refs.  polarization of a spherical dielectric medidt®* This ap-

23, 29 and 800 nnt* Sample thicknessds=1—2 mm are proach is depicted schematically in Fig. 4. So the local elec-

typically used. The refractive indexof pure CS is 1.628%% tric field on moleculen is

FIG. 4. The local fields acting on a molecule in a me-
dium with local structure inside a cavity surrounded by
a continuous dielectric medium can be divided into the
contribution from the dielectric medium, the contribu-

tion from the molecules inside the cavity, and subtract-
ing the dielectric medium inside the cavity.
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Agy'H to replace the term containing the susceptibility of the me-

EMm (17 dium around the cavity, a linear set of equations for the
effective polarizabilities appears,

Here T, is the dipole tensor ang,, is the induced dipole

Elr;:)caI: Emacy 2 Tomimt

m#n

moment on moleculen, > BamllV=L. (27)
m
3fmifam— 1
Tan—r . (18 When this set of equations is solved, the first-order suscep-

nm

tibility can be found from Eq(21). The dielectric constary,
Solving a linear set of equations for the independentand the index of refraction are derived from the first-order

molecules:* the susceptibility can be found as well as the susceptibility,

index of refraction and the dielectric constant. Both are re-

lated to the first-order susceptibility. An effective polariz-  &r=1+4mx'=n (28)

ability T1}, reproducing the same induced-dipole moment

from the macroscopic field as generated by polarizabitity

in the local field, is defined for simplicity,

In an actual calculation of the susceptibility, a system of
finite size, i.e., the box used in a molecular dynamics simu-
lation, has to be considered. The susceptibility in Ef)

= g Elocal— (D gmac 19 can in principle be taken to be the calculated susceptibility.
Mn= a&pky n - (19 . . .

The equation can then be solved without any prior knowl-
Combining Egs(17) and(19) give edge of the average susceptibility of this system. However

this will introduce artifacts dependent on the number of mol-
)EmacJr apy S T, DEM ecules in the calculation, since the system is typically taken
m#n m too small to represent the whole macroscopic body. In the
(20 case of a liquid the susceptibility is isotropic, but the suscep-
tibility of the considered system is typically far from isotro-
pic. Instead we use the time averaged value, which has the
advantage that fluctuations due to specific instantaneous con-
figurations are averaged out.
1 1 As an alternative to this method the effective polarizabil-
xVEM=p= vE Mn=v2 VE™e (21)  ities can be found using an iterative schéfrteased on Eq.
" " (22), wherei is the iteration number,

471')((1)

IIVE™= oy | 1+

The first-order susceptibility is related to the effective polar-
izabilities through the polarizatioR, and the ensemble vol-
umeV, as

From Eq.(20) the actual macroscopic field is easily elimi- 4
v

nated, moi+t= g 1+?X(1>
477)((1)
NP =a,| 1+ —— |+ > Tomll. (22) 1 A A
oo 3 “mzn T +§m§n Ton(MIEFH+TOE=) ) (29

The equation is multiplied with the inverse molecular polar-

izability and the terms containing the effective polarizability In this scheme the average susceptibility should also be used
are isolated on the left-hand side of the equation. The inversehen subtracting the contribution from the dielectric me-
molecular polarizability of a linear molecule is given in Ap- dium inside the cavity.

pendix A, The interaction energy;,;, between the macroscopic
electric fields and a system of polarizable molecules is given
41 indivi i i
—1p7(1) _ Wy 7 ) as the sum of the energy of the individually induced dipoles
a1y ngn Tomllm'=1 3 X 23 in the macroscopic field, the energy of the individually in-

duced dipoles in the field from all other dipoles, and the

Introducing Kronecker deltas the summation owecan be  pojarization energy needed to create the induced digdles,
taken over all terms on the left side. When at the same time

the index of the effective polarizability is changed fronto mac 1
m, the effective polarizability can be isolated, Hine= _En: E™ un— zzn: Mn n;n Tamim
4 (1)
-1 1)_ 4 1
Eml (an 5nm_Tnm(1—5nm))H(m)_l+ ?X(l) (24) ;( Emac +§; Eli?cal,U/n- (30)

By defining the matrixs, Using Eq.(17) this can be written,

Bam=atp *Sam= Tan( 1= S, (25) 1 1
and introducing the Lorentz factdr; Hin=— 2 ( BT E(Elr?cal_ B3 Elﬁcal) Hn
477)((1)

3

l mac
L=1+ (26) =—§§n: EMa%, . (31)
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Using the definition of the effective polarizabilities in Eq. polarized responses thus gives an indication of the impor-
(19), the total interaction energy of the system can be writtertance of the interaction induced effects and the single mol-
as a sum over the energy of the effective polarizability ofecule orientational effects.

each molecule interacting with the macroscopic fieEl§° At the end of this section it should be remarked that the
andEp™®, dipole-induced dipole model is an approximation of the full
1 many-body problem. The higher multipole moments of the

Hia:],tb: _ _2 Egnaq]E]l)ELnac_ (32) molecgl_es can give a contribution to the Ipcal field as \{vell.
249 In addition, overlap of the electron clouds in close collisions

influences the susceptibility in a way that cannot be taken

ab i i
The forceF, ™, in a given coordinate due to the macro- o4, account by a multipole expansion. Such corrections will
scopic fieldsE, and E,, is given by the derivative of the be treated in a subsequent pajer

interaction energy of the system with respect to this coordi-

nate, IV. RESULTS
ab_ &Hﬁ;tb For the MD simulations a modified version GROMACS
Fx'=— IX 33 16 (Ref. 37 was employed with a cubic simulation box con-

taining 256 rigid C$ molecules at 1 bar pressure and 298 K,
The force can then be expressed in terms of derivatives Qfsing a Berendsen thermostatAn atomic Lennard-Jones

the polarizability and the effective polarizabilities, force field® was used, which is known to give a fair descrip-
1 P (el tion of properties as density, diffusion constant, and neutron
Fi'b=—Eg‘a°E N gmac (34) and x-ray scattering data. The simulations were performed

2 n 0 with 10 fs time steps. The experimental molecular polariz-

L . - . . ability for CS, at the optical wavelength of 514.5 nm is used.
Considering only linear rigid molecules like &fhe coordi- The polarizability at this wavelength is 8.95° And the an-

nates can be divided into two types, namely center of MaASotropy is 10.05 A4° Laser field pairs with field strength of
and orientational ones. This simplifies the problem con5|der-1 149 V/A (do) are applied during one time step for each
ably, since the molecular polarizabilities only depend on the; PP g b

orientational coordinates while the dipole tensor only de- aman evc_ant in the f_|n|te fl?ld calc_:ulanons. The DID quel
pends on the center of mass coordinates described in Sec. I!I is gppl!ed to mcorpora_te th(_a local field
. S ) ’ . . effects. The local field in this model was given in Ed7)

D|.fferenit|at|ng Eq.(27) V\."th respect to an orientational and the set of equations that must be solved to find the ef-

coordinatex' on moleculel gives fective polarizabilities was presented in Eg7).
g gt The iterative procedure given in E9) has been used

D B =— —— 11V s, (35)  to calculate the effective polarizabilities, because it is faster
m X ox than solving the linear equations. However, the linear equa-

Solving this set linear set of equations provides the derivalion approach in Eq27), (35), and(36) has been used for

tive of the effective polarizabilities with respect to the orien- c@lculation of the forces, since solving many sets of linear
tational coordinates. The derivative of the inverse of the mo€duations with an identica matrix can be done effectively
lecular polarizability is given in Appendix B. using LU decomposition of theB matrix followed by

Differentiating Eq.(24) with respect to a center of mass backsubstitutiof! The cavity radius around each molecule
[ is set to 50 A, which is much larger than the side lengths of
the simulation box. In principle this can introduce artifacts
oM dTam i due to the periodic boundary conditions used in the molecu-
% Bon or :% ort (1= Sl (36  Jar dynamics simulations. Calculations with cavity radius
14.5 A, which is less than the side length of the simulations
This linear set of equations provides the derivative of thebox, showed no significant difference from the 50 A calcu-
effective polarizabilities and the first-order susceptibility lations, except for more noise. The noise in the calculations
with respect to a center-of-mass coordinate. The derivativewith cavity radius 14.5 A is caused by the fact that molecules
of the dipole tensors are given in Appendix B. In principle, crossing the 14.5 A border still give a significant contribu-
the derivatives of the effective polarizabilities can also betion to the calculated local field that depends on their orien-
found using an iterative procedure similar to the one detation. Upon crossing the border the influence of the local
scribed in Eq.(29) for the effective polarizabilities. structure changes abruptly into a contribution from a con-
The importance of interaction induced effects in the re-tinuous dielectric medium. Since a molecule might cross the
sponse is most easily seen in the magic angle component bbundary in the background calculation, but not in the cal-
the third-order response. The isotropic part of the single moleulation with the laser field applied or the other way around,
ecule polarizability does not depend on the coordinates at alhoise arises when the cavity radius is small.
so the contribution to the magic angle response from single The isotropic first-order susceptibility in the Lorentz fac-
non interacting molecules is zero. Hence, the intensity of theor is calculated using the iterative methdgh. (29)] assum-
magic angle components shows the relative importance dhg that the first-order susceptibility of the medium outside
the interaction induced effects. The comparison of the intenthe cavity is the same as the first-order susceptibility of the
sity of the magic angle responses with the intensity of thesimulation box. Taking the average over a long trajectory,

coordinater' on molecule gives
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380 TABLE II. Peak values for the calculated response functions using the finite
field method(FF) and the time correlation function meth@@CF) when
possible. Third-order values are given in units of 10C*m/Fs and the
fifth-order values in units of 107° C® m*/® & [For comparison with data in

20 c.g.s. units: 1 e.s.u. (ordrE1.11264<10 °C?m?J %, 1erg=107J
and 1 ¢ m/Fs=8.077 62x10° cnerg *ps L]

PR FF TCF Deviation

10 x5, 28.59 28.28 1.1%

X%, 2.37 2.40 -1.2%
Xg?zy 19.73 19.21 2.7%
Xgéa, -1.12 -1.10 —-1.8%
0 ngz:zzzz 0.107
Xmmzzzz 00327
ngZ)ITIITIZZ 00481
Xgi)zzmm 0.0346
-1% 4 s ! . L . 1 4 XIISZ)ZI’I’ —0.0252
.00 020 0.40 0.60 0.80 1.00

FIG. 5. Thex'Y,,, X%y x2m and x3), components of the third-order o ) )
response given in units of T8°C*m/Fs. The full lines are the finite field  Without the DID effects in Fig. 6. Since the experiment does

response. The dashed lines are the time correlation function response. not provide an absolute intensity, all traces are scaled here to
give the same value at 1 ps time delay. The experimental
signal and the calculated response including the local field
Nffect show excellent agreement. The response calculated
without including the local field effects accounts for the long
diffusive tail, but not for the intensive peak at 140 fs, which
'is therefore apparently dominated by local field effects. This

equivalent to a dielectric constant of 2.6066, a refractive in o« 1ot the dipole-induced dipole effect is important in
dex 1.6145, and a Lorentz factor 1.5355. These values are 'ﬁ]le description of the response

good agreergent Wit.h the experi.mental yalug of the refractive The tail in the third-order response is usually explained
'.ncfe.x 1.626’ Including the SID m;eractllon g|fves 3 supstanr; as being due to single molecule realignment effects, that are
t'f”‘ |Impr0\|/em|ent cc&n]pa;reh to It € vgilges %un usmglt &vell described without inclusion of the local field effects.
single molecule model of the polarizability, where we ca CU"The initial laser pulse pair exerts a torque on each molecule

Iated a re_fraﬁnve flnde_x OT 1(].'4555.t:nclud(|jng ﬂ;e D(|)D8§/ffeCtSin a direction which is determined by the polarization direc-
the error in the refractive index Is thus reduced to 0.8% COMsion of the fields. With inclusion of local field effects a force

0 . D . _
pared to 12% for the single molecule model. This is €QquIVass exerted on the center-of-mass coordinates, as well. After a

lent to a reduction of the error in the first-order susceptibility g, 0+ time the excess momentum of the molecules has dissi-
from 32% to 3%. This clearly shows how important many-

body effects are in the optical response of,CS

The third-order TCF response was calculated from a
single 10000 ps MD simulation. The FF response was cal-
culated from 1000 simulations of 1 ps duration and the same
number of background calculations. All polarization compo-
nents were obtained from the same set of trajectories. The 18
calculated third-order response components are shown i
Fig. 5 and the peak values, taken at the time when the re
sponse is most intensive, are listed in Table Il. The intensi-§

10

possible artifacts due to the assumption that the susceptibili
of the simulation box is equal to the susceptibility of the
whole liquid, as discussed below E@8), are suppressed.

From a 100 ps run a susceptibility of 0.12785 is found

ties and shapes of the calculated response functions are i
excellent agreement with functions reported by Kiyohara
etal® for a similar thermodynamic state, but using a

slightly smaller simulation box. Very good agreement is
found between the TCF and FF calculations, proving the
reliability of the finite field method. The small differences

are due to small statistical errors and the different nature ol
the calculation methods. For instance, in the TCF calcula- ¢

tions the correlation function has to be divided by the tem- 00 02 o4 ths d 08 10
perature, whereas in the FF method this temperature depen-

dence is implicitly incorporated in the molecular dynamicsFIG. 6. Thexg?zycqmponent of the third-order response given in arbitrary
of the EF calculations. units. The full line is the_ exper_|n_1ent_a| response measured by Stet_feh_

. (3) . (Ref. 1) the dashed line is the finite field response, and the dotted line is the
The experimenta;’,, component provided by Steffen |esponse given when the DID interaction is not included. The response

et al® is compared with the finite field response with andfunctions are here scaled to give the same value at 1 ps.
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FIG. 9. Themmzzzzomponent of the fifth-order response. The time unit is

fs.
FIG. 7. The full line is the normalized orientational correlation function.

The dashed line is the normalized velocity correlation function.

200 fs, whereas the magic angle component has a maximum
pated in the sense that the velocity correlation function belntensity at 110 fs. When the third-order cascaded processes,
comes zero. The orientation of the molecules, though, is theR@mpeting with the fifth-order response, contain one or pref-
not random yet, but still slightly aligned. Subsequently, theerably two of these components, the ratio of the intensities of
molecules slowly diffuse to random orientations, giving risethe fifth-order signal compared to the cascaded signal is most
to a slow decay of the signal. In Fig. 7 the fast decay of thfavorable.
velocity correlation function and the much slower decay of ~ The fifth-order FF response was calculated from 1000
the orientational correlation function, as calculated from theSimulations for each of the four combinations of applied la-
10000 ps MD run are shown. The diffusive tail is deter-Ser fields shown in Eq11) and fort; values from 20 fs to
mined by the reorientation of the individual molecules and200 fs in 20 fs steps ang values from 0 to 200 fs in 10 fs
can be expected to be well described without including theSteps. The calculated components are obtained from two sets
interaction induced effects. of trajectories giving the different polarization directions of

One may wonder why the magic angle component alsdhe laser fields: one that has the polarization direction of the
shows this diffusive tail, since this component depends onlyirst laser pulse pair along theaxis and one that has the
on the fluctuations in the isotropic part of the polarizability Polarization direction of the first laser pulse pair along the
which vanish in the independent molecule mddele discus-  Y-axis. The laser pulse pair applied after the delays al-
sion above Eq(2)]. However, this can be explained by the Ways applied with the polarization direction along thaxis.
fact that aligned molecules tend to have a higher isotropid he zz component and the yy component of the first-order
effective polarizability than randomly oriented molecules.susceptibility are calculated after the detay This provides
Hence the signal decays when the alignment is lost. the x$3) o) 2y and () components from

272222 Xyyzzzz Xzzzzyy

yyzy
(5 5
The Xg?;)mmand XS)” responsegFig. 5 are seen to be which the deSIred’(zz)zzzz ng)zzmm Xzz):/nmzz Xmmzzzz and

much less intense than the other third-order response corm(é)zp,, tensor elements can be calculated. These are shown
ponents.x'3), is negative and has a maximum intensity at

€2
ta 200
200
150
150
100
100
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v & ——
\ — Y - t1
0 — ¢ 0 50 100 150 200
0 50 100 150 200}

FIG. 10. Thezzmmzzomponent of the fifth-order response. The time unit is
FIG. 8. Thezzzzzeomponent of the fifth-order response. The time unit is fs. fs.
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FIG. 11. Thezzzzmntomponent of the fifth-order response. The time unit -0'050 ' 5'0 ' 160 ' 1&; ' 200
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FIG. 13. Diagonal cut through the two-dimensional fifth-order response

. . ) . . (5) . .
in Figs. 8—12, respectively. Cuts through the surfaces alon L(Jsr;‘aces. The full line is ther},,,,component, the dotted line is the

. . component, the dashed line is thé) component, the lon
the diagonal and fot; fixed at 120 fs are shown for the (7o e iz the® ____component andh%emng;shedp—dotted line isgthe
. . . mmzzzz 1
different components in Figs. 13 and 14. In Table Il the peak ® = the response is given in units of 18 C° m3F .

intensities are given and in Table Il the peak positions of the '
cascading processes and the calculated fifth-order response
are listed together with the experimental positions given by
Blank et al?’ Table IV contains the experiment-independent g, 1o
intensity ratios as defined in E¢L5). Assuming an experi-
mental wavelength of 620 nm, a sample length of 1 mm and
perfect phase matching conditiong,Akl)=0, the experi-
mental factor is 3.9 1% [Eq. (16)]. In the experiments per-
formed by Blanket al?” a wavelength of 800 nm is used, 0.05
which favors the true response with a factor of 1.6 in com-
parison with the conditions considered here.

The case least discriminating against cascaded processt¢
is the x5, response, where the intensity ratio between the
most intense cascaded response component and the tri 000 I
fifth-order response using the given experimental factor be-
comes 2.& 1P in favor of the cascading processes. In an
earlier study, not including the local field effects, this ratio
was found to be % 1C°. For the magic angle component . . '
X3 the intensity ratio for the parallel cascaded response'o'oso 50 100 150 200

fs

lizzl’r

FIG. 14. Cut through the two-dimensional fifth-order response surfaces with

t2 t, fixed at 120 fs. The full line is thg{%),,, component, the dotted line is the

200 X ,,.,component, the dashed line is thé>,,,,component, the long
dashed line is theS) ,,,,component, and the dashed—dotted line is the
x>, component. The response is given in units of ¥ac® m¥P s2

150

100 TABLE lIl. Peak positions for the direct fifth-order response and the cas-
cading response compared with the experimental results of Biarat.
(Ref. 27. The peak positions are given &s (t,) in units of fs.

50
Xg%)cdef nglj)cdef X(szzq X:asa)r Expt.
— Xz (10080 (140,140 (0,140 (60,110
0 t Xiomzz22 (60,80 (140,110 (0,110 e
0 50 100 150 200 Xoommzz (100,90 (110,110 (—30,110 -
Xy 2bzmm (80,50 (110,140 (30,140 (0,120
FIG. 12. Thellzzl’l” component of the fifth-order response. The time unit Xl(lz)zl’l’ (120,90 (200,200 (0,200

is fs.
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TABLE IV. Experiment independent intensity ratios between the peaks ofnent the ratio is close to 1. This again indicates the impor-
the cascaded response and the direct fifth-order response for the differeﬂ;_nce of interaction induced effects in the fifth-order re-
olarization components. . . .
P P sponse. The calculations still support the conclusion b
y

XD, et Reeq Roar Blan_k et al?® that all experiments performed earlier are
® — — dominated by the cascaded processes.

Xz22222 7.2xX10 7.2<10 he li . ) )

N 5.3% 10-4 3.7%10-5 In the light of the recent experiments, that contain direct

o 1.7%10°6 2 5% 104 fifth-order response, it seems that the theory overestimates
zzmmzz . . . . . . .

x5 o 4.7x10°* 4.7x10°* the intensity ratios or that the experiment overestimates the

X\ 3.1x10°7 3.1x10°7 intermediate phase matching factors. The experimental factor

might be connected with uncertainties concerning, for in-
stance, the beam divergence or the sample length, which is
not only determined by the sample thickness, but also by the
is found to be 9.& 10°. Forthe)(l(lsz)zl’l’ response this ratio is overlap of the laser beam&.The estimated intermediate

only 1.2x 10?7, which allows to discriminate against the cas- Phase matching conditions, discriminating the fifth-order sig-
caded response, when the intermediate phase matching facfls against the third-order cascaded response, is also not
is better than X 10°. This is the order of magnitude reported fully determined due to uncertainty in the orientation of the
experimentally’’ laser beams. On the other hand, the interaction induced ef-
The fifth-order magic angle tensor elemex§) .., fe_cts might be calculated more accurately by including
X§5z)mmzz and X§52)zzmm are all approximately three times h!ghgr order terms in .the multipole expansion and/or colli-
smaller than they'>) __component. The ratio between the Sion induced contributior.
polarized and magic angle components in the third-order ex-
periment is appro.)qmately 12 in favo_r of the polarized COM-\, ~ONCLUSIONS
ponent. This implies that the isotropic part of the response,
which cannot be explained without interaction induced ef-  We have extended the description of the susceptibility in
fects, is much stronger in the fifth-order response than in théhe finite field approacfi by including dipole induced-dipole
third-order response. The sensitivity of fifth-order responseeffects. The third-order response found using this method
to many-body effects, found here, was recently also inferredvas shown to be in excellent agreement with the response
from INM calculations by Murryet al*? This probably also calculated with the time correlation function method, prov-
means that the fifth-order signal is more sensitive to the otheing the finite field method as a reliable alternative. This gives
interaction induced effects that are described at the end afs confidence, that the finite field method can also be used to
Sec. Ill. This is the subject of a subsequent paper. calculate the fifth-order response, where the time correlation
The differences between the nuclear part of the experifunction methods are expected to be extremely time consum-
mental signd’ and the calculated response are pronouncedng when the full MD trajectories are used.
Both the x{3),,,and thex!3),....component of the experi- Since the instantaneous normal mode calcula-
mental response have sharp peaks closer tdtaeis than tions'®11342ack the ability to describe diffusive motion,
shown in the rather flat calculated two-dimensional surfacegand the time correlation function response can in fifth-order
of Figs. 8 and 11. This probably indicates that the signals arenly be done on very small systeritghe finite field method
contaminated with parallel cascaded response that peaks éhthe most promising method for further applications. This
or close to the axis. method makes it possible to provide a reasonable estimate of
Comparing the calculated and experimental response ithe relative intensity of the true fifth-order response and the
complicated by the fact that the experimental signals magompeting third-order cascades.
include contributions from combined electronic/nuclear re-  The calculated third-order response is in excellent agree-
sponse along the time axes and pure electronic response forent with the experimental data, showing that the influence
both time delays equal to zefdThese responses depend onof many-body effects on the susceptibility is properly taken
the higher order nonlinear electronic respongesnd £, re-  care of by including dipole induced-dipole interactions, as
spectively. Since they are confined to the origin and the timalso suggested in several other studfes:'4%In particular
axes, problems with separating nuclear and electronic rehe sub-ps part of the third-order response is strongly af-
sponse are limited to these areas. In addition the experimeifiected by these interactions.
tal spectra are broadened by the width of the applied laser The shape of the calculated fifth-order response func-
pulses. This experimental artifact is best corrected for bytions does not show convincing agreement with recent ex-
deconvoluting the experimental response before comparing fieriments that claimed to reveal the true fifth-order
with the calculated ideal response using delta functiorresponsé’ Two possible causes for this discrepancy exist.
pulses. The experiments may still be contaminated with cascaded
The estimated ratios between the cascaded processes ghitd-order response and possibly cross terms between the
the direct fifth-order response are in favor of the cascadedascaded response and the true fifth-order response as also
processes, even when the experimental factor in (E6), suggested by the intensity ratios highly favoring the cas-
using a realistic phase matching factor, is taken into account.aded responses. The calculated intensity ratios suggest that
However, the ratio is smaller than in studies not taking themeasurement of the>) ., component is much more favor-

lzzI'l’
local field effects into accoufftand for the)(l(,i)zl,l, compo-  able for suppression of the cascaded processes than the other
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components. The ratio of the two signal amplitudes for this/ 5T, . 3
component is four orders of magnitudes better than in th P
measurement of the all polarized component and two or thre bk
orders of magnitudes better than in the magic angle measure-
ments.

Another explanation for the discrepancy between the
calculated and the experimental fifth-order response could béT- Steffen, N. A. C. M. Meinders, and K. Duppen, J. Phys. Cheri08
the enhance_d importance of interac_tion induced effects in_ theé‘?’ﬁéb%?%wy N. Thantu, J. S. Melinger, S. K. Kim, and W. T. Lotshaw,
calculated fifth-order response. This suggests that the fifth- 3 pnys. chem. A00 10389(1996.
order response can be sensitive to collision induced effects’s. Ruhman, L. R. Williams, A. G. Joly, and K. A. Nelson, J. Phys. Chem.
The short-range collision induced effects, due to the overlap, 91, 2237(1987. _ _
of the electronic clouds, have not been included in this study. ?&YXSH';‘SS' U. Banin, E. Rabani, and S. Ruhman, J. Phys. CBém.
Even though this effect is not important in the third-order sy Tanimura and S. Mukamel, J. Chem. Phgs, 9496(1993.
response, it might very well have important implications on ®T. Steffen, J. T. Fourkas, and K. Duppen, J. Chem. Phg§ 7364
the detailed shape important implications on the detailed7(l996- _ _
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