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It is shown by field applied molecular dynamics computer
simulation (FMD) of liquid water that the frequency dou-
bled optical Stark effect is accompanied by novel second
order rise transients which have no known counterpart
in orientational theory, based on Langevin/Kielich func-
tions. In the statistically stationary, post transient, steady
state, correlation function have been computed which are
intricately dependent on the frequency of the pump laser.
These transients can be obtained experimentally by mod-
ifications of optical Stark effect apparatus for measure-
ment on a femtosecond time scale.

0. Introduction

The optical Stark effect is defined through the induction
of an electric dipole moment by the following type of
interaction between molecular polarisability and the elec-
tric field strength, E, of an electromagnetic plane wave

fu}ind):ai/(_w;w)E/- (1)

We consider at the outset the electric field defined as the
plus conjugate of a left circularity polarised plane wave

E; =E,(i—ij)exp(ip,). (2)

Here i and j are unit vectors in the X and Y axes, re-
spectively, of the laboratory frame (X, Y,Z), and the
phase factor is defined by

p,=wit—K,-r (3)

where o is the angular frequency in radians per second
of the plane wave, ¢ the time, K, the left handed prop-
agation vector, and r a position vector. For the purposes
of computer simulation, we approximate the phase by
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P zwt. (4)

Usually in the treatment of the optical Stark effect [1]
the potential energy and torque generated by the inter-
action of E with the induced electric dipole moment
1™ are described respectively by the time independent
expression

AHg= — 0. g (5)
and
To= —u™YxE* (6)

Here EF" is the complex conjugate of E; , i.e.
EFXT=E,(itij)exp(—ig,), (7)

so that the phase factor, ¢, , disappears in the vector dot
and cross products (5) and (6) respectively. The time (i.e.
phase) independent energy term (5) can then be applied
straightforwardly [2,3] to the generation of Langevin-
Kielich functions [4] which describe ensemble orienta-
tional averages of the optical Stark effect.

In this paper, we consider the thermodynamic and
molecular dynamic characteristics of a torque of type
TE = — O ®)
in which the optical Stark effect is accompanied by second
harmonic generaion. The energy corresponding to this
torque is
AH§2w): _H“nd)'EZr (9)
and disappears when time averaged. In consequence, the
Langevin description of orientational averages produced
by the torque (8) cannot be implemented [5]. Use is made
in this paper therefore of field applied molecular dynam-
ics computer simulation (FMD) to investigate the orien-

tational thermodynamics with rise transients and time
correlation functions.



136

In Sect. 1, the torque (8) is worked out in the molecule
fixed frame of water, assuming that the molecular polar-
isability is a pure real quantity [6] which can be diagon-
alised in the same frame (1, 2, 3) as the principal molec-
ular moments of inertia of water. Section 2 develops the
theory with the use of FMD in an ensemble of 108 mol-
ecules interacting with a well tested site-site potential.
Section 3 presents results in terms of novel second order
orientational transients of the type (efy>,..., <&,
where ¢, is a unit vector in axes 1, 2, or 3. Transients were
computed in this work for a number of pump laser fre-
quencies corresponding with the frequencies of experi-
mentally available pump lasers such as the various Nd-
YAG systems and dye lasers, operating in the visible. The
post transient steady state in the presence of the pump
laser is described in Sect. 3 with appropriate time corre-
lation functions. The discussion extends the argument to
possible experimental verification of the theoretical and
numerical indications obtained in this work.

1. The torque

In a diamagnetic molecule such as water, the polarisa-
bility «,; is usually taken to be pure real [7, 8]. This is an
approximation which holds in the transparent region of
the water spectrum, but near optical resonance, the quan-
tity «,; becomes complex. Adopting a pure real alpha it
is convenient to work out the torque (8) in the frame
(1,2, 3) in preparation for the FMD computer simulation,
which implements the torque [9-14] in the forces loop.
The induced electric dipole moment (1) is then worked
out as a pure real quantity by multiplying the real po-
larisability tensor by the real part of E; , which frame
(1,2, 3) becomes

+ +

E;, €ix €y €z E/y
+ —_ +
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+
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Here E; in frame (X, Y,Z) has been multiplied by a
rotation matrix of unit vectors, and the (real) field com-
ponents in frame (X, Y, Z) are

E/,=E,coswt

E},=Eysinwt } . (11)
E/,=0

The laser therefore propagates in axis Z.

Consequently, the electric field components in frame
(1,2,3) are

Ez—l =6’leer+6’1 YEITY
E22:e2XE2X+e2YEZ—Y . (12)
E23263XE2X+‘—’3 YEITY

Assuming that the real molecular polarisability is diag-
onal in frame (1, 2, 3) the induced electric dipole moment

in this frame is

ind) _ +

ﬂ{m )_aflELl
ind) __ +

#ém )_aé2EL2 (13)
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and the torque components in axes 1, 2, and 3 are

20) s Pt ot ot Rt
Ts(lw =anELE s—aE L ED,
20— 0t ot ot ot
Ts(zw =anELE —alELE . (14)

Cw) _ + o+ + 4+
T3 =al EL E,—anELEL,

These torque components are proportional to the square
of the electric field components, resulting in second har-
monic generation. The torque is therefore phase depend-
ent. It is finally back-transformed into the laboratory
frame through the rotation matrix

Qw) Qw)

Ty €ix €x E3x T§y
QCw) | — Qw)

Isy”’ | =] eivy €&y ey 155 (15)
2 Quw)

Tz iz €z €z Is5®

and supplements the intermolecular torques computed in
the forces loop of the algorithm Tetra [9], whose code is
given in the literature [14].

Note that the torque depends on twice the frequency
of the applied pump laser, and its effect is superimposed
in an intricate way upon the natural, or thermal, molec-
ular dynamics of the ensemble.

2. FMD computer simulation

The FMD computer simulation was carried out in liquid
water at 293 K, 1.0 bar, with 108 water molecules, using
a time step of 0.5fs. The site-site interaction potential
was

s,=xse (7)) ~(7)]

e/k(H—H)=21.1K;
e/k(0—0)=584K;
qy=0.23e|;

o(H—H)=225A;
6 (0—0)=2804A; (16)
go=0.00|e|;
g (lone pair)= —0.23|¢|,

which was developed [15] from the ST2, and which has
been compared with the MCYL water potential [16] and
with water data over a considerable thermodynamic range
[17]. An initial FCC water lattice was melted into the
liquid over about 6,000 time steps, the attainment of a
liquid like condition being monitored through 7 order
orientational averages such as

eiz): <e%z> i Le;
ez <e§2>

<e§z> 5



over unit vectors in axes 1, 2, and 3 of frame (1,2, 3). In
the liquid condition first and higher odd order averages
of this type fluctuate around zero, and second order av-
erages fluctuate around the value 1/3, fourth order
around 1/5, sixth order around 1/7, and so on.

The torque (15) was applied in the liquid condition,
and the development of rise transients monitored at odd
and even order. All odd order ensemble averages re-
mained around zero after the torque was switched on,
but the same trajectories produced easily discernible even
order rise transients, which are illustrated in the results
Sect. 3 of this paper. The time evolution of these tran-
sients depends on the square of the applied scalar electric
field strength, E2, of the laser, and also on the laser fre-
quency. They eventually reach a saturation level, after
which the sample is in a statistically stationary state suit-
able for the computation of time correlation functions
[18] by running time averaging.

The FMD simulation was carried out at four different
laser frequencies corresponding with real pump lasers: 1)
a @ switched carbon dioxide laser, operating in the mid
infra red at about 30.0 THz (terahertz); 2) a mode locked
neodymium phosphate glass laser at about 300.0 THz in
the visible; 3) a mode locked rhodamine 6G dye laser at
about 500.0 THz; 4) a passively mode locked CW dye
laser at about 600.0 THz.

At each of these frequencies, rise transients at second
order of the type

<e%z>§ <e§z>; <€§z>
<e%Y>; <e§Y>; <€§Y>
<e%X>; <e§X>; <e§X>

were computed as a function of E2, building up a data
bank which is available from the author. Some of these
results are presented in Sect. 3 as plots of final level at-
tained by the transient. It is precisely this kind of plot
that would be analysed usually as a Langevin/Kielich
function, but the latter is not accessible analytically be-
cause the energy (9) disappears over time, i.e. the average
over many cycles of the phase of the pump laser disap-
pears, in the same way that the ¢ average of cos(w¢?) and
sin (wt) disappears.

The data bank also consists of time correlation func-
tions worked out in the post transient state, with pump
laser switched on. The examples used were

J.()J, (0
Cuyt) = Sasryans (7

the molecular angular momentum time correlation ten-
sor;

_ <e1i(t)elj(0)>
C2ij(t)_W (18)

the orientational time correlation tensor of vector
e,; and

_ £e;(1)€,;(0)>
Cz.y(t)—W (19)

the corresponding rotational velocity [18] time correla-
tion tensor. These tensors are sub-categorised into auto
correlation functions (ACF’s), with i=j=X, Y, or Z;
and cross correlation functions (CCF’s) about the prop-
agation axis, respectively i=X, j=Y and i=7Y, j=X
The running time average extended over 6,000 time steps,
and ACF’s and CCF’s are displayed to a maximum of
400 time steps, giving “good statistics”. Component
ACF’s and CCF’s are displayed to show that the sample
is anisotropic in the presence of the laser, and also to
illustrate in full detail the molecular dynamical charac-
teristics of the second harmonic of the optical Stark effect.

The details of transients and autocorrelation functions
are markedly dependent on the diagonalised components
ofy, a%,, and o}, of the real part of the polarisability of
the water molecule. Unfortunately, the literature is in-
conclusive in this respect, even to the extent of knowing
the signs of the anisotropies of polarisability. We have
dealt with this question elsewhere, in the context of the
optical Kerr effect [19]. For example, Khanarian and
Kent [20] tabulate a number of estimates, roughly half
of which give a positive anisotropy and the other half a
nagative anisotropy. This appears to be the state of the
art for the water molecule, both experimentally and ab
initio, and in this situation we have chosen to illustrate
our methodology in this paper with one set of data, taken
at random, from the careful experimental work [21] of
Zeiss and Meath. These authors propose
a1 =9.62; «5,=926; a};=10.01 (20)
in atomic units. It should be noted carefully that the
precise details of the time dependencies of our transients
and correlation functions depend [19] on the values ac-
cepted for the three principal polarisabilities of water in
frame (1, 2, 3), the frame of the principal molecular mo-
ments of inertia.

The structural properties of water in the field free
equilibrium state from our model potential are given in
the literature [ 17] in terms of atom-atom pair distribution
functions. Figure 1 is a comparison of the O-H, H-H,
and O-0O pdf’s for water in the absence and presence of
a laser field at 600 THz. These were calculated over 6,000
time steps. These pdf’s give an impression of the (small)
structural damage that the laser does to the H bond net-
work, and video animation [19] of the process shows that
the main effect of the laser, approximately speaking, is
to attempt to spin the molecules about the propagation
axis, a process which occurs in competition with the back-
ground thermal dynamics. An extensive animation video
of a similar process (inverse Zeeman effect [14]) is avail-
able on request from the author. Clearly, disruption of
the H bonding network is inevitable as the energetic laser
radiation forms a torque with the appropriate property
tensor of each molecule in the ensemble. It has been shown
[17] that H bonding in water can be described dynami-
cally in terms of time correlation functions {18}, and at
each applied laser frequency in this work there are char-
acteristic changes in these functions, implying that the H
bonding network is indeed disrupted, both structurally
(pdf’s) and dynamically (time correlation functions).
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Fig. 1a, b. Atom-atom pair
distribution functions for liquid
water, effect of 600 THz laser in the
frequency doubled optical Stark
effect. —— H-H; ---- H-0O;

— e — .. — 0-0.

a Field free equilibrium;

b field applied equilibrium. The pdf’s
are computed over 6000 time steps of
0.1 fs in both cases, and the half box
length is about 5.5 A, Pdf’s are
reliable up to this cut-off point. 108
molecules were used

Fig. 2a, b. Second order rise
transients for a 600 THz pump
laser. Comparison of runs with
different temperature rescaling
(digital thermostatting).
a—— (e {4y
—--—..— (&>, rescaling
every 50 time steps.

b As for a, rescaling every one
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The energy required to do this can be measured
through the increase in the configurational part of the
internal potential energy computed in the FMD simula-
tion for the ensemble. This is defined by

W= I Tou)+Ue e

where the sum is over all atom-atom pairs for which the
interatomic distance r;; is less than the cut-off distance .

time step

of the potential. The correction U, is based on a uniform
distribution of the molecules beyond this cut off distance
re [14]. The configurational energy, calculated in the
field-on steady state, was increased by about 20% by
application of the laser.

When the laser is applied to the sample, there is an
immediate increase in both rotational and translational
temperature, so that there is a need for a thermostatting
subroutine. This is a temperature rescaling routine [14]
whose effect is to drive down the temperature every N



time steps towards the input value. Since temperature is
kinetic energy, temperature rescaling means that the lin-
ear and angular velocity vectors are scaled back digitally
every N time steps. Our animations show this scaling back
clearly as jumps in the absolute values of the vectors,
jumps which maintain the molecular trajectories of ve-
locity or angular velocity relative to each other. The 108
linear and angular velocity vectors were animated at equi-
librium and through the rise transient. At the same time,
animations of the orientational vectors show that there
is little or no discernible effect of temperature rescaling
on the relative orientations of each molecule, i.e. there
are no sudden jumps in the 108 orientation vectors as the
rescaling routine is applied. This is reflected in the second
order averages of Fig. 2, where there are no discontinu-
ities. At field applied equilibrium, the re-scaling routine
is maintained in action, because the laser is continuously
pumping in energy to each molecule through each indi-
vidual torque. We note that laser-on, steady state, time
correlation functions and atom-atom pair distribution
functions computed in this way show no discontinuities
due to temperature rescaling.

Without this digital thermostat, the sample would heat
up rapidly, the temperature would increase at each time
step, and the pressure would increase, because we are
using a constant volume simulation. It is highly recom-
mended that the reader view our inverse Zeeman effect
animation [14] (judged the best animation of the natural
sciences category of the 1990 IBM Supercomputer Com-
petition, and available from the author and IBM) to view
directly the effect of temperature rescaling on the 108
velocity and angular velocity vectors. One animation in
this context is worth a thousand words.
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Digital rescaling can be applied every N time steps,
and in Fig. 2 a comparison is given of the effect of res-
caling every 50 time steps and every one time step for a
600 THz laser which has increased the configurational
potential energy by 20%. There is little or no change in
the correlation time of the rise transient, which attains
the same field-on saturation level in both cases. Temper-
ature rescaling every one time step is equivalent to max-
imising the efficiency of the digital thermostat, so that
the kinetic energy imparted by the external field is re-
moved at its maximum rate. The latter may be defined
as a maximum temperature dissipation rate. Clearly, how-
ever, the rise transient correlation time does not depend
on temperature dissipation rate to any significant degree.

Finally, on the subject of temperature rescaling, it is
noteworthy that where Langevin and Langevin-Kielich
functions are definable, the saturation levels of the rise
transients from FMD produce the analytical Langevin
functions. This was first found in 1982 using a simple
static electric field [9, 10], and has recently been verified
for the optical Kerr effect [25], where the interaction
energy is laser phase independent and forms generalised
Langevin-Kielich (GLK) functions for the asymmetric
top water molecule. These GLK functions check the FMD
method independently.

The model used for water is a rigid molecule approx-
imation, and we have not considered vibrational modes,
which appear at 45 and 110 THz. It would be interesting
to repeat the simulation with a flexible model of water.
The literature contains a comparison [16] between the
present model of water and the MCY L potential, in which
a detailed evaluation was made of the (small) effect of
vibration on the translational and rotational molecular
time correlation functions.

Fig. 3a, b. Comparison of rotational
velocity acf’s at 600 THz with
different time steps. i=j=X;
==Y — e — e — i=j=Z
a Time step=0.5fs;

b Time step=0.1fs
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Finally, the runs at 600 THz were repeated with a time
step of 0.1 fs, resulting in a better resolution of the details
in the rise transients and time correlation functions. A
comparison of runs at 0.5 fs and 0.1 fs at this frequency
1s given in Fig. 3.

3. Results. Rise transients and time correlation functions

The second harmonic of the optical Stark effect is ac-
companied by the development of even order rise tran-
sients, an example of which is shown in Fig. 2 at 600 THz
using temperature rescaling every 50 time steps and every
one time step. The transients at 300 THz and 500 THz
are similar in appearance to those at 600 THz. These data
show that an optical pump laser at any of these three
visible frequencies would generate a frequency doubled
optical Stark effect which could be measured as second
order orientational rise transients, i.e. birefringence would
be generated on a femtosecond time scale, now accessible
experimentally in, for example, the optical Kerr effect
[22,23]. This provides a new experimental method for the
measurement of the anisotropy of the polarisability, while
at the same time probing the molecular dynamical and
diffusional [10] nature of the ensemble under investiga-
tion. It can be seen clearly in Fig. 2 that the frequency
(600 THz) of the pump laser produces a well defined final
level in the second order rise transients. A useful check
on the FMD procedure is that the same trajectories pro-
duce vanishing first order averages, and there are no first
order transients.

The second order transients clearly show oscillations
at frequency corresponding to that of the laser. For ex-
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ample, at 30 THz (i.e. at the inverse of 0.033 ps. These
0.033 ps oscillations appear clearly in all nine second or-
der transients, betraying the direct influence of the 30 THz
carbon dioxide pump laser. This is a second useful check
on the FMD method.

Rise transient oscillations were first derived analyti-
cally [10} and their existence later confirmed computa-
tionally [24], however, this work appears to be the first
evidence for transient oscillations generated in the fre-
quency doubled optical Stark effect by infra red and vis-
ible frequency, intense, electromagnetic pump fields of a
type accessible experimentally “off the shelf” (e.g.
Nd: YAG systems and carbon dioxide lasers).

When the frequency of the pump laser is reduced to
zero in the FMD simulation the second order rise tran-
sients show oscillations more typical of those known al-
ready from static electric fields [24]. At zero pump fre-
quency the role of the X and Z components of the vectors
¢, &, and ¢, Interchange, i.e. the ordering process results
in anisotropy not about the Z axis, but about the X axis.
This result was produced by changing nothing in the FMD
source code except the input parameter for pump laser
frequency, and appears to show that ordering in the con-
ventional (frequency independent) optical Stark effect [1]
is about an orthogonal laboratory frame axis to that of
the frequency doubled optical Stark effect investigated in
this paper. This particular result is confirmed in the anal-
ysis of the molecular dynamical properties of the water
ensemble in the post-transient state in which second order
orientational averages have reached their final levels. The
sequence of results for the correlation functions is dis-
cussed in order of increasing pump laser frequency. There
is space here for only a few illustrations from the complete
data bank, available from the author. Each set of auto-

Fig. 4. Orientational acf’s at 30 THz,
0.5 fs time step, X, Y, Z notation as
for Fig. 3

Fig. 5. Orientational ccf’s a 30 THz,
0.5 fs time step, i=X, j=Y;
=Y, j=X
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Fig. 6. As for Fig. 4, angular
momentum acf’s

Fig. 7. As for Fig. 5, angular
momentum ccf’s
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Fig. 8. As for Fig. 4, rotational
velocity acf’s

Fig. 9. As for Fig. 5, rotational
velocity ccf’s
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correlation functions (ACF’s) is followed by one of the
equivalent CCF’s in order to illustrate the variety of be-
haviour observed in this work. A complete set of time
correlation functions at the 30 THz infra red pump laser
frequency is illustrated in Figs. 4-9, namely: the orien-
tational, angular momentum and rotational velocity
ACF’s and CCF’s at this frequency. The field off equiv-
alents of the ACF’s are available in the literature [16]
and the field off CCF’s vanish.
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Orientational ACF components (see Sect.2) were
computed for the pump laser frequencies zero, 30, 300,
500, and 600 THz. From 30 to 600 THz applied laser
frequency the Z component has a clearly different time
dependence from those of the X and Y components, which
evolve on closely similar lines. There is a variety of be-
haviour, markedly dependent on the pump laser fre-
quency. It is interesting to note in Fig. 4 at 30.0 THz the
presence of 0.033 ps oscillations, showing the influence



in the water molecule dynamics of a 30 THz pump laser.
These 0.033 ps oscillations are superimposed on a clear,
though weak, mirror image, pattern of orientational cross
correlation in the frequency doubled optical Stark effect
due to a 30 THz pump laser. The orientational CCF’s are
barely distinguishable from noise at 300, 500 and 600 THz.
Note that the Fourier transform of the orientational ACF
representing the axis (¢;) of the permanent electric dipole
moment in water is related to the dielectric loss spectrum
[18] and is therefore observable experimentally.

Similarly, the Fourler transform of the time ACF of
¢, {the rotational velocity ACF) is related to the far infra
red power absorption coefficient [18] and sequencies of
rotational velocity ACF’s nd CCF’s were computed. At
zero pump laser frequency the X component is clearly
independent of the other two in its time evolution, whereas
for applied laser frequencies from 30 to 600 THz, the Z
component is the one that is independent. This echoes
the same type of “anisotropy switch” seen in the rise
transients. The details of the oscillations are clearly de-
termined by the pump laser frequency, implying that the
far infra red spectrum would also be determined by the
characteristics of the pump laser. Very weak but real,
oscillations appear at the inverse of the pump laser fre-
quency superimposed on the X and Y components. The
value 0.003 ps (inverse of 300 THz) nears the limit of our
time resolution, which for these data is two time steps,
or 0.001 ps, i.e. 1.0fs. For this reason a run at 600 THz
was repeated with a time step of 0.1 fs, with the result
shown in Fig. 3. The accompanying rotational velocity
CCF’s of the data set display a variety of behaviour and
are clearly distinguishable from noise, with the possible
exception of the CCF at zero applied laser frequency. It
is notable that the CCF’s are sometimes in a “mirror
image pattern”, as at 30 THz, and sometimes positive at
t=0 (300 and 500 THz), and sometimes negative at t=0
(600 THz). At 300, 500, and especially at 600 THz (time
step of 0.5 fs), incompletely resolved oscillations appear
at 0.0033, 0.002, and 0.0016 ps respectively on the prin-
cipal structure of the component CCF’s. Reducing the
time step to 0.1 fs at 600 THz resolves the 0.0016 ps os-
cillation more clearly.

For both orientational and rotational velocity ACF’s
and CCF’s it is clear that the complicated interaction of
laser and ensemble dynamics (Brownian motion [18]) in
the frequency doubled optical Stark effect results in the
development of anisotropy, which can be measured
through transient birefringence, dielectric or far infra red
spectra, When dealing with the magnetic properties of
ensembles it is useful to recall that the parity inversion
(P) and time reversal (7T') symmetries of the magnetic
dipole moment are the same as those of angular momen-
tum (P positive, T negative). One is in general propor-
tional to the other through a scalar quantity, whose pre-
cise meaning is a matter of context. In NMR, for example,
it is the nuclear gyromagnetic ratio, in ESR it is the elec-
tronic counterpart, It follows that the angular momentum
time correlation tensor €, is also a magnetic dipole mo-
ment time correlation tensor. The sequence for ¢, cor-
resnonding to those for C, and C., (ACF’s and CCF’s

more an “anisotropy switch” between the result for zero
frequency pump laser and the other results, which range
from 30 to 600 THz. The details of the time evolution of
the components of C, depend on the applied laser fre-
quency, and it is interesting to note that incompletely
resolved oscillations at 0.0033, 0.002, and 0.0016 ps can
be seen once more in these correlation functions, but this
time in the Z component, and not in the X and Y com-
ponents as for their rotational velocity counterparts. All
components at all frequencies appear to oscillate about
a zero {-» o level, so that there is no magnetisation. This
is in contrast to a parallel simulation {25] of the inverse
Faraday effect [26] where magnetisation was observed as
a non vanishing t— o component of the ACF of C, in
the laser propagation axis. This shows clearly the differ-
ence between the optical Stark effect, and the optical
Zeeman effect, which relies on the conjugate product of
the pump laser [27] and the antisymmetric, or vectorial,
part of the molecular polarisability [28, 29]. An interest-
ing variety of CCF’s of (| was found in terms of the XV
and YX components, orthogonal to the Z propagation
axis of the pump laser. The strongest cross correlation is
that at 30 THz (Fig. 7), which is an order of magnitude
greater than the others, computed at zero frequency, and
at 300 to 600 THz. The latter are weak but nevertheless
finite, and characteristic therefore of the frequency dou-
bled optical Stark effect.

4. Discussion

In this paper we have carried out what appears to be the
first FMD simulation of the Frequency doubled optical
Stark effect, and have shown that even though the torque
(15) is time dependent, second order rise transients, with
what appear to be time independent final levels, develop
in response to the applied pump laser. These cannot be
analysed with Langevin Kielich functions {2], however,
because the time average of the Hamiltonian (%) vanishes.
{It was shown in the carly days of FMD [9] that where
Langevin functions and Langevin Kielich functions exist,
the FMD results are in good agreement. This finding has
been confirmed recently [30] in an FMD simulation of
the optical Kerr effect, where the Hamiltonian and torque
are time independent. ) The existence of second and higher
even order orientational rise transients has also been
shown by FMD in a recent simulation of the inverse
Faraday effect [25]. In both the inverse Faraday effect
and in the frequency doubled optical Stark effect, the
existence of transients signal that of transient birefrin-
gence. The latter is observable in principle by adaptations
of contemporary optical Kerr effect apparatus with fem-
tosecond time resolution [23}.

In order to measure the effect of the torque (15) of
the frequency doubled optical Stark effect on far infra
red and dielectric spectra, an experimental compromise
has to be forged between the need for short high intensity
pump laser pulses, and the measurement time of a spec-
trum. Contemporary Fourier transform spectrometers can
measure a far infra red spectrum in the millisecond to



with a medium intensity pump laser pulse. It appears
entirely possible, with ingenuity, to devise a design for
the experimental investigation of the effect of pump laser
pulses on a far infra red spectrum thus bringing together
two major fields of investigation: far infra red and non-
linear spectroscopy and optics. Interpretation of such
spectra would rely, as in this paper, on FMD methods,
which are applicable to any type of molecular dynamics
source code in which a torque is computed in the forces
loop. Such a procedure welds a point of contact between
FMD and experimental data, the other point of contact,
clearly, being femtosecond measurements of birefrin-
gence, or by Kramers Kronig transform, anisotropy in
power absorption coefficient of a probe laser. The latter
is implemented, as usual, in addition to pump laser pulses,
and the two lasers are used to measure rise transients
directly on a femtosecond time scale [23]. This type of
methodology for the customary, frequency independent,
optical Stark effect, is well developed experimentally
[31-33], usually in the context of quantised optical Stark
splitting in gases. This paper has shown that there is also
a frequency doubled optical Stark effect, producing sec-
ond order rise transients, birefringence and anisotropy in
liquids as well as gases. Qur treatment has necessarily
been confined however to classical dynamics.

Finally, we note that the simulations have been per-
formed with the equivalent of very intense lasers simply
in order to isolate the existence of the effects reported in
this paper from background noise. Experimentally, pump
probe methods use a sub-picosecond pulse of intense laser
radiation followed at an interval by a probe. These meth-
ods are used with efficient thermostats to remove any
heating effects. The power of the pump laser pulse can
reach the megawatt level, yet the liquid sample does not
evaporate or heat because: 1) the pulse lasts for less than
a picosecond : 2) the thermostats used experimentally are
efficient dissipators of any heating effects. It is clear that
the frequency doubled optical Stark type birefringence
anticipated in this FMD simulation is a bi-axial birefrin-
gence, i.e. the refractive index in the pump laser’s prop-
agation axis, Z, becomes different from those in the or-
thogonal X and Y axes. Therefore the refractive index
also becomes different in the Z axis from the field off
value. This occurs at double the frequency of the pump
laser, so that these two characteristic features isolate the
effect. In general the refractive index is made up of a
weighted combination of the second order orientational
averages observed in the simulation (Fig. 2), and is also
related to the measurable power absorption coefficient
through the Kramers Kronig equations. The experiment
can therefore proceed by measuring, at twice the pump
laser frequency, the change in the power absorption co-
efficient produced in the sample by the pump laser with
a probe laser appropriately timed, tuned and detected.
The contemporary technology for this experiment is well
established, the probe being timed to follow the pump at
a convenient interval with optical delay lines, consisting
of beam splitters and mirrors as in the sub-picosecond
optical Kerr effect [23]. The latter is usually detected
however by a change in the plane of polarisation of the
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probe. In the frequency doubled optical Stark effect, the
probe need not be polarised.
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