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TIME D E P E N D E N T  A P P R O A C H  TO 
F E M T O S E C O N D  LASER CHEMISTRY 

Ronnie Kosloff 
Department of Physical Chemistry and the Fritz Haber Research Center, 

the Hebrew University, Jerusalem 91904, Israel 

Active control of molecular motion is perused using shaped 
ultrafast laser pulses. The theoretical framework emphasizing the 
role of interference is presented for a molecule with two electronic 
surfaces coupled by radiation. The flow of energy and population 
from one surface to the other is analyzed and compared to the 
power consumption from the radiation field. The analysis of the 
flows shows that the phase of the radiation becomes the active 
control parameter which promotes the transfer of one quantity 
and stops the transfer of another. The phase relations which are 
responsible for laser catalysis impulsive excitation and stimulated 
emission are worked out. An interesting possibility of laser cooling 
emerges by a process that promotes transfer of energy simultane- 
ously with stopping population transfer. 

I. INTRODUCTION 

Finding ways to control the temporal evolution of complex molecular sys- 
tems has recently been motivated by advances in laser technology, molecular 
spectroscopy and in theoretical insight of molecular dynamics. An important 
example is control of selection of products of a chemical reaction. Typically, 
a polyatomic molecule will, for defined initial conditions, react to form sev- 
eral products in different amounts. In most instance~ one of these products is 
wanted much more than the others. What is sought is a method for controlling 
the molecular dynamics actively, in real time, so as to guide the molecule to 
form the desired product. 

The developments in laser technology that have stimulated interest in ac- 
tively controlling selectivity of product formation in a chemical reaction in- 
clude methods for the generation of very short pulses, of shaped pulses, of 
pulses with well-defined phase relationship, of light fields with extraordinary 
pure frequency, and of light fields with very high intensity. Application of laser 
technology to molecular spectroscopy has yielded a wealth of information con- 
cerning molecular potential energy surfaces. It has also led to an increased 
awareness that exploitation of interference effects inherent to the quantum 
mechanical description of a system can be used to guide system evolution; to 
recognition that the dynamics of a strongly coupled light-matter system can 
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be influenced by alteration of the temporal and spectral distributions of the 
light; and to the realization that a polyatomic molecule may have sufficiently 
few degrees of freedom that it is not impossible to control all of them. The 
underlying principle of the new approach to controlling product selectivity 
in a reaction is different from that used in earlier attempts to achieve "bond 
selective chemistry". The new approach is based on exploitation of quantum 
interference effects whereas the old approaches are, typically, based on use of 
a very intense laser field to generate a very high level of local bond excitation 
and the hope that the rate of bond breakage will then greatly exceed the rate 
of transfer of energy from the excited bond to the rest of the molecule. Two 
different ways of using quantum mechanical interference to control product 
selectivity have been proposed [1-9]. 

Suppose there are two independent excitation pathways between a spec- 
ified initial state of a molecule and a specified final state of the products; 
these might be transitions involving absorption of one and three photons, re- 
spectively. Quantum mechanics tells us that the probability of forming the 
specified product is proportional to the square of a sum of the transition am- 
plitudes for the two pathways; because the amplitudes can have different signs, 
the magnitude of that probability is determined by the extent of their inter- 
ference. For example, when one- and three-photon transitions generate the 
independent pathways between the initial and final states, the extent of inter- 
ference can be controlled by altering the relative phase of the two excitation 
sources. The situation is analogous to the formation of a diffraction pattern 
in a two-slit experiment in that the excited state amplitude in each molecule 
is the sum of the excitation amplitudes generated by two routes which are not 
distinguished from each other by measurement. An example of control of the 
population of a level in HC1 with this method has been done [10]. 

An alternative method of influencing the selectivity of product formation 
in a reaction is to modulate the product yield via interference between two 
excitation pulses with a variable time delay between them [6,4]. In the simplest 
case, when only two electronic potential energy surfaces are involved, the first 
pulse transfers probability amplitude from the electronic ground state, forming 
a "replica" of the ground state amplitude on the excited state potential energy 
surface; that replica then evolves on the excited state potential energy surface 
during the time interval between pulses. The second pulse of the sequence, 
whose phase is locked to that of the first one, also creates amplitude in the 
excited electronic state, which is in superposition with the initial, propagated, 
amplitude. Such an intramolecular superposition of amplitudes can lead to 
interference. Whether the interference is constructive or destructive, giving 
rise to larger or smaller excited state population for a given inter-pulse delay, 
depends on the optical phase difference between the two pulses and on the 
detailed nature of the evolution of the initial amplitude. This situation is also 
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analogous to a two-slit experiment. The method described has been used to 
control the population of a level of/2 [5]. 

In principle, the methods available for guiding the evolution of a quantum 
system by coupling it to an external field are not restricted to the use of a 
time-independent field or a simple pulse sequence. If the goal to be achieved 
is, say, maximization of the amount of a product in a reaction, the design of 
the external field which accomplishes the goal is an inverse problem: given the 
goal and the quantum mechanical equations of motion, calculate the guiding 
field which is required. The solution to this inverse problem is very likely not 
unique, which for the case under consideration is a strength since it is then 
plausible that one of the possible guide fields is more easily generated than 
others. 

The methodology used in these calculations is optimal control theory [7]. It 
is usually found that the optimal guiding field has a complicated spectral and 
temporal structure. The underlying physical principle that determines the 
efficiency of the guiding field is, again, interference between the amplitudes 
associated with its different spectral and temporal components. In the model 
problems studied to date it is predicted that the use of an optimal guide field 
can increase the product yield by many orders of magnitude relative to the 
yield from a two-pulse control field. 

To facilitate the understanding of the control strategies of molecular motion 
it is important to study the control of basic quantities. For example if the 
object to control is the yield of a chemical species, one has to understand the 
elementary control of population transfer within an electronic surface and from 
one surface to the other. If the final objective is to coherently excite or on the 
contrary cool the motion of the molecule on the ground electronic surface. The 
elementary step involves the control of energy flow within the molecule. The 
combination of these elementary controls enables achieving quite elaborate 
goals including constraints on the dynamics the most important of which is 
radiation damage control [9,11]. In this overview a time dependent approach 
to active control is formulated with the purpose of shedding light on the role 
of interference processes. 

II. THE MATTER RADIATION Q U A N T U M  M E C H A N I C A L  
FORMULATION 

To explore the basic possibilities of active control of molecular motion the 
basic formalism of the interaction of radiation with a molecule has to be 
revealed. Consider two electronic states of a specific molecule coupled by ra- 
diation. The radiation which couples the two surfaces is the means of control. 
As an explicit example the electronic potential surfaces of a diatomic molecule 
is shown in figure 1. 
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FIG. 1. Ground ( X 1~+ ) and the (C qI) excited potential energy surfaces of 
HBr. 

The internal state of the molecule is defined by the density operators pt, 
I 6 g , e which are the indexes of the ground and excited surfaces respectively 
[12]. The combined density operator describing the state of the combined 
ensemble can be written as: 

= ~ g | 1 7 4 1 7 4 1 7 4  (1) 

where the tensor product of the internal space and the surface designation is 
used. Pt are the projection operators on the surface, I and S• are the raising 
and lowering operators from one surface to the other. The first two terms in 
equation (1) represent the state of the molecules residing on the ground and 
excited surface. The last two terms represent the electronic coherence induced 
by the radiation. 

The Hamiltonian of the system consists of the sum of internal Hamiltonians 
and an interaction term 

~9 = & + ~ (2) 

where the zero order Hamiltonian is the sum of the separate parts, 
p2 

+ - 2 , |  + %| + (3) 
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Each surface Hamiltonians //i or surface potential ~ is a functions of the 
internal coordinates. The interaction part controls the transport properties 
of the between the two electronic manifolds. In this study, it contains only 
radiative coupling terms: 

= (4) 

were ~ is the transition dipole operator and e(t) represents a semiclassical 
time dependent radiation field. The field amplitude e(t) represents the main 
control parameter. Experimental methods to shape the field amplitude as well 
as its phase enable this control. 

The evolution of the molecule is generated by the Liouville yon Neumann 
equation [12]: 

0-7 = --~[H, ~1 + s (5) 

where the first term represents unitary dynamics generated by the Hamilto- 
nian, and the second term represents the dynamics generated by the dissipa- 
tion. This equation represents the dynamics of an open quantum mechanical 
system under the restriction of a dynamical semigroup evolution [13-16]. The 
source of the dissipative term is the reduction of the combined system and 
bath dynamics to the dynamics of the system only. Within the semigroup 
approach an explicit form of the dissipative operator exists. 

Since the objective is to control observable it is convenient to use the Heisen- 
berg equations of motion to calculate the change in time of an explicitly time 
dependent operator: 

dt - ot + + c5( ) (6) 
where the first term represents the explicit time dependence of the operator, 
the second term the Hamiltonian evolution, and the third term the dissipation 
which is the Heisenberg version of the dissipative superoperator in equation 
(5). 

III.  THE T R A N S P O R T  EQUATIONS. 

The objective of the control is to change a specific observable. The transport 
of quantities is the agent of change. Thermodynamic insight can be gained by 
studying the total change in energy representing the first law of Thermody- 
namics. Additional insight is gained by considering the population and energy 
currents from one system to the other. These currents, represent the balance 
equations. Within the setup of section II, the total energy change becomes: 
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d < E >  01t 
a~ = < ~ -  > + < LB(~) > (7) 

where the second term of equation (6) is zero, since the Ha.miltonian commutes 
with itself. This equation can be interpreted as the time derivative of the first 
law of thermodynamics [17-19] with the identification of power as: 

~, = < -~- > (8) 

which is the time derivative of the work. The heat flow is: 

= < cB(D) >. (9) 

With these definitions, the power absorbed from the field into the system 
becomes: 

=-</2| s+~+~_at )>=-2R~al </2| (io) 

The term < /2 | ,~+ > is the main control handle and therefore will reap- 
pear in many of the derivations and will be called the instantaneous dipole 
expectation. 

Considering the population balance conditions, the total population is con- 
served since with only two electronic surfaces the molecule has to reside on 
one of them therefore: 

d ~  + dN~ = o. (ii) 

The flow of population from one electronic surface to the other can be calcu- 
lated using equation (6): 

aN~ d<~> 
dt dt h < [Q,,P~I > + < LBCP.) > 02) 

Ignoring nonradiative couplings between the ground and excited surfaces i.e. 
s = 0, the ground surface population change becomes: 

aN~ i 2 ,) (13) 
at - ~ < / 2 ~ ( ~ + , - ~ _ , ' ) > =  ~ / m a g ( < / 2 |  > 

The flow of energy from the ground state can be calculated under the assump- 
tions of small electronic dephasing i.e. s = 0 and also pure vibrational 
dephasing i.e. s = 0. Physically these conditions apply when the rate 
of relaxation to equilibrium is slow compared to the loss of phase ( T1 >> T2). 
Under these conditions: 
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dEg 2 ~) -  Im g(< > (14) 

- Q  

P . . . . . . .  d N  

FIG. 2. Schematic diagram of the thermodynamic flows in the radiative quantum 
mechanical model. 

When the total energy balance is considered , the power uptake can be 
distributed into the "bulk" of ground and excited surfaces as well as into 
energy stored by the interaction. Since the interaction term is proportional to 
the field e, for a pulsed field for which e = 0 at t = +co, one can consider the 
energy flow into the bulk by integrating equation (10) by parts, obtaining: 

P d t  = ~ O < [~ >edt  = d r +  dt 
~ O t  ~ ~ dt 

This equation can be interpreted as the energy balance equation. The bound- 
a r y t e r m - 2 R e a l  (< 12 | S+ > e(t)) which goes to zero when deriving equation 
(15), represents the transient loading of the system. If the loading term be- 
comes small in comparison to the volume terms Eg and E~ then one can omit 
the integral in equation (15) and obtain: 
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dE = dEg + dE~ (16) 

Equation (16) can also be obtained within the limit of weak fields. Such 
balance equations represent one of the main tools of thermodynamic investi- 
gation. A schematic view of the thermodynamic currents can be seen in figure 
2. 

The spatial derivative of the loading term represents the internal force which 
the electromagnetic field exerts on the molecule: 

= - 2 R e o l ( <  > (17) 

where Ve is the gradient with respect to the internal co ordinates. Combined 
with the conditions imposed in the next section in equation (27); one can 
apply a directional force on the molecule. 

Equations (10) , (13) , (14) and (17) constitute the transport equations 
from one surface to the other. It is the objective of control to manipulate 
these quantities. The next section, describes the control of the transport by 
manipulating the phase of the transient field e. 

IV. TIME DEPENDENT CONTROL OF TRANSPORT.  

Molecular transport processes can be promoted either by controlling the 
field e or its time derivative 0~ This possibility stems from the fact that the 
transport equations Eq. (13) and Eq. (14) have a similar structure consisting 
of the real part of a product of a molecular expectation value < X > by the 
field e. A similar structure is found in equation (10) where the transport is 
controlled by the real part of the product of a molecular expectation and the 
time derivative of the field. This structure can be expressed for equation (13) 
a s :  

dNg 2_1 dt - h < # ~ ~§ > Ikl sin(r + r (18) 

where r is the phase angle of the instantaneous dipole and r is the phase 
angle of the radiation field. The physical interpretation of this angle is the 
sum of the angle of the induced polarization of the molecule and the angle of 
the polarization of the light. In a similar way: 

= -21 < # ~ ~+ > I IO~l cos(r + r (19) Ot 

and 

dE9 2 
dt - h I < ~ 9  | k+ > Ikl sin(r + r (2o) 
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where r is the phase angle of <// / /~ | 8+ >. and 

(21) 

where Cv~, is the phase angle of < V/2 | 8+ >. From this description, it is 
clear that the control parameter of the transport quantities is the phase angle 
r = r + Cj. The most simple example is a monochromatic circularly polarized 
pulse for which e(t) = Ae -i'~t where A is a slowly varying envelope function. 
For this pulse the phase angle of 8r is 90 ~ rotated from the direction of e, 
r = r - ~r/2. Examining equations (18) and (19) one obtains the relation 

= _hwd..~lV_ (22) 
dt 

This means that the system behaves as an effective two-level system where 
the power absorbed is linearly proportional to the population transfer. 

For more general pulse shapes, using the above analysis, the control of 
the transport can be classified as being active or passive. For active control 
conditions the angle is: 

m a x i m u m  energy absorption 0 ~ (23) 
Ct, + r = lr m a x i m u m  energy emission 

1 m a x i m u m  positive mass  transport r 1 6 2  5~ r =~ (24) 
-- 5~ m a x i m u m  negative mass transport 

1 m a x i m u m  energy intake to ground sur face  (25) 
=~ m a x i m u m  energy disposal f r o m  ground sur face  

1 m a x i m u m  positive force 
maximum negative force --~Tv (28) 

The active control of mass transport using the control relation of equation 
(24) has been demonstrated experimentally by Sherer et. al. [5]. In this 
experiment in I~ the first pulse transfers population from the ground to the 
excited surface thus creating an instantaneous transition dipole. This dipole 
function is modulated by the excited surface vibration. At the proper instant 
when the dipole expectation amplitude is maximized a second pulse is applied. 
The direction of mass transport was then controlled by changing the relative 
phase of the second pulse. 

Another interesting possibility is the induction of stimulated emission which 
is obtained when the combined phase angle is Ir in equation (23). This means 
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that a pulsed laser can be obtained from an ensemble of molecules without the 
usual condition of population inversion provided the phase relation is right. 

Even more important are passive controls where the transport of a certain 
quantity is blocked. If the phase angle is 

1 
r  + r = •  =~ zero total energy change (27) 

r + r = O, ~ =~ zero mass  transport (28) 

r + r = O, 7r =~ zero change in ground sur face  energy (29) 

r  + r = O, 7r ~ zero force (3o) 
On examining the passive control conditions in equation (27),(28),(29),(30) 

it can be noticed that there are two values of r + r for which zero transport 
conditions apply. This fact can be utilized to simultaneously block the trans- 
port of one quantity and to select the direction of the transport of another 
quantity. 

A note of caution is needed at this point because naively it would seem that 
there is a meaning to the absolute phase of the field and to the phase of the 
molecular expectation values. But it should be remembered that the phase of 
the molecular quantity is induced by the radiation in a former time. There- 
fore all phases have to be related to a previous synchronization pulse which 
synchronized the molecular clock with the field clock. This is the meaning 
of quantum mechanical interference between events which are induced in the 
past propagate and then are used to control transport at a later time. 
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Figure 3 shows the phase angle conditions leading to different transport 
quantities. 

a) b) l Imag 

do. + do,. u/2 

Real 

dot ~ 
do~ § do; - -u/2 

Zero Power Output 

l lmag 

n/2 

do~ + do,-O 
Real 

O. 

-u/2 
Zero Mass Transport 

c) d) 
I I 

n/2 ~ ~x/2 0~. + do, > 0 

do~+ do,= 0 

O,~+do; Real 

O. 

-n/2 do.+do, do,.. + do, < 0 -n/2 

RWA Pulse 

Cos(do. + do;) = Sin(d0. + do,) 
Zero Mass Transport With Monotonic 
Decrease in Ground Surface Energy 

FIG.  3. a) Phase  angle d iagram for zero power ou tput ,  b) Phase  angle d iag ram 
for zero mass t ranspor t ,  c) Phase  angle d iagram for a R,WA pulse, d) phase angle 
d iagram for zero mass t ranspor t  and for a monotonic  decrease in energy. The  shaded 
area  represents  the  region of phase angle of  energy decrease in the  ground surface. 
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Figure 3a shows the phase angles for which the total power absorption is 
zero. Since no energy is absorbed or emitted from the field these conditions 
define laser catalysis [20]. Figure 2b shows the phase angle relations leading to 
zero mass transport. Figure 3c is of a RWA pulse corresponding to equation 
(22), where the mass transport is directed from the ground to the excited 
surface. Figure 3d shows the phase conditions which stop mass transport 
while monotonically directing energy out of the ground surface. 

V. ENERGY T R A N S F E R  WITH ZERO MASS TRANSPORT.  

As an explicit example the local control of energy transport under the con- 
straint of zero mass transport is analysed. The phase relation with null pop- 
ulation transfer is obtained when the radiation field has the form: 

where C(t)  is a real function of time and if(X) = X / I X  [ = e ir is the phase 
factor. Equation (31) is another formulation of the conditions in equation 
(28). Active control requires the expectation value of the instantaneous dipole 
</~ | S+ > to be non zero. This means that the present control is related to 
the instantaneous dipole created in the past. 

Under the conditions of zero mass transport, the change of the energy on 
the ground state becomes: 

d < E 9 > _ C(t)  2 ~t ~Imag (~(< # | ~_ >) < #~, ~ L >) (32) 

This means that the sign of the function C(t) determines the direction of the 
energy transport. 

c(t)  2 +~Imag (~(< ~ | ~_ >1 < #~, | L >) (331 

A positive sign will excite the ground surface internal energy. This is the base 
of an excitation without demolition strategy [9]. Figure 4 shows a monotonic 
increase in the ground surface energy while maintaining a constant population 
on the excited surface. 

A different excitation strategy has been proposed by Cina and Smith 
[22] where the excitation is achieved by a double pulse train where the 
first pulse transfers population to the excited surface and creates an in- 
stantaneous dipole. The second pulse is chosen with the inverse phase 
relation of the first one Cf. (24) transferes all the population back to 
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the ground surface the net result  is 
1.5 

1.0 
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an impulsive vibrational excitation. 
l<aEg> 

__J / 

2~. 3'2. 

FIG. 4. The change in ground surface energy A/~ e change in norm < A~/'g > and 
field amplitude ~ as a function of time for an excitation pulse. Notice that the field 
amplitude comes with bursts corresponding to the vibrational period (w = 1). 

A negative sign of C(t) causes a decrease of the ground sur- 
face energy. Figure 5, shows a monotonic decrease in energy as 
a result of a pulse shape calculated according to equation (33). 
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FIG. 5. The ground surface energy /~ and norm < Ng > as a function of time 
for a cooling pulse, for the HBr molecule starting at a thermal state T = 5000K. 
The energy is normalized to its initial value. 

The resulting cooling pulse shape is shown in figures 6. Notice that  the pulse 
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amplitude is modulated by the vibrational period of HBr. The reduction of 
energy on the ground surface is accompanied by a reduction in entropy while 
the total entropy of the system increses. Once the system approaches the 
ground state the it decouples from the radiation in complience with the third 
:law of thermodynamics. 

FIG. 6. Real part of the pulse as a function of time for a monotonic decrease in 
the ground surface energy. 

The spectrum of the pulse is shown in figure 7. 
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m 
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FIG. 7. Spectrum of a cooling pulse for the HBr molecule. 
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A close analysis shows that the spectrum has its maximum exactly in be- 
tween the Raman lines of HBr This decrease in energy can be interpreted as 
laser cooling [19]. 

In a similar fashion a force can be applied to the ground surface creating a 
"squeezed state" with a minimum amount of radiation damage [21]. 

VI. FROM LOCAL TO GLOBAL CONTROL 

The strategy of control using the pulse shape of equation (33), is only one 
of many possibilities. Therefore the optimal strategy for transporting an ob- 
servable with minimum power consumption under the restriction of zero mass 
transport is sought. An optimization solution local in time can be obtained 
by optimizing the following functional for a ground state quantity < Ag > 

j = d < A ~ @ P ~ >  + Wlel 2 (34) 
dt 

where W is a penalty function imposed by the power consumption. The 
variation of J, 6J is with respect to &C(t), since the phase is restricted by the 
zero population transfer condition equation (31). Carrying out the calculation 
leads to equation (33) with the proportionality constant equal to 1/2W. This 
local solution can be replaced with a global one, optimizing the ground surface 
quantity J = <  .4g > at a specific final time t! with the minimal cost of external 
pumping energy fJl 79dr. This problem can be cast into optimal control theory. 

The objective is to minimize the ground surface observable Aa(tt). In the 
case of cooling the observable is the ground surface energy Eg(ti) = < fig >. 

The constraints are: 
o# a) evolution governed by the Liouville yon Neumann equation ~/ = s 

b) zero mass transport dNg = 0 or other constraints. 
c) restricted total power consumption/~ = fJ' 1~12d~. 
The initial state of the system is set as ~(0). By defining the Lagrange mul- 

tipliers, the objective functional can be minimized subject to the constraints. 
This leads to the modified objective functional ,] [4]: 

where/~, is an operator Lagrange multiplier and A is a scalar Lagrange multi- . , . - -  . . ^ , . 

pher. The vanatmn of J is with respect to 6p and 6[el. The condition dt = 0 
determines the phase of e through equation (28) or (31). It therefore is omitted 
from the variation. Calculating the variation of equation (35) and integrating 
by parts leads to the following equations: 
a) a forward equation for the density operator 

Downloaded 20 Apr 2012 to 129.105.215.146. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



R. Kosloff 167 

0--/= (36) 

subject to the initial condition/~(0). 
b) a backward equation for the Lagrange operator/~: 

0B _ Z'(B) (37) 
0t 

subject to the final condition/}(t f) = Ag| a. The dissipative part of equation 
(37) is symmetric in time, meaning that dissipation takes place in the forward 
as well as backward evolution. 
c) and the condition on the field: 

=-2-S  < Ol,I > (38) 

Equation (38) can be interpreted as the scalar product of a forward moving 
density, and of a backward moving time-dependent operator. The optimal 
field at time t is determined by a time-dependent objective function propa- 
gated from the target time t I backwards to time t. A first order perturbation 
approach to obtain a similar equation for optimal chemical control in Liouville 
space has been derived by a different method by Yah et. al. [23]. 

In dissipative dynamics, the backwards propagating target operator decays 
into a stationary operator and therefore, its change in time becomes zero 
s = 0. This leads to loss of control, as can be seen in equation 
(38). 

In the cooling process, the target operator is the ground surface operator 
/:/g(tl). In general for weak field excitation, the target operator/~(t) can be 
expanded in powers of the field e k. For the cooling scheme under these condi- 
tions the target function becomes time independent and is just the SchrSdinger 
picture operator/:/g. Inserting the target function into equation (38) one ob- 
tains the result of equation (33) with the proportionality constant becoming 
1/2~. As a conclusion the phase and amplitude conditions for cooling sug- 
gested in equation (33) are the optimal control solutions for weak fields. They 
can be used also as a first guess for the optimal field in an iterative solution 
for strong fields [24]. 
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V I I .  D I S C U S S I O N  

Considering the control processes studied they are all based on the quantum 
mechanical interference phenomena. Interference is a global phenomena which 
means that in the context of a time dependent description events created in 
the past interfere with events created later in time. To unravel the control 
mechanism, a local in time description is more easy to interpret since one 
can optimize the transport of the desired quantity which will accumulate to 
produce the final outcome. The link between the local and global picture is 
the phase of the molecular expectation the most important of which is the 
instantaneous dipole < /~ | S+ > Although the phase is not measurable it 
links the past events to the present ability to control transport. 

The interaction of light with a two electronic surface system, bears close 
analogies to the thermodynamics of two coupled systems which can transfer 
mass and energy via external work ( figure 2). Versions of the first, second 
and third law of thermodynamics have been developed [19]. Various processes 
which transfer energy without mass and mass without energy are identified. 
An interesting consequence of the analysis is the possibility of a pulsed laser 
with an active medium without population inversion. 

The realization of control scenarios is a matter for the near future. In recent 
years the techniques of pulse shaping have advanced considerably [32-34]. 
Methods to shape both the phase and the amplitude of a ultrashort pulse are 
becoming available. Advances in simulation of quantum dynamics including 
the solution of the Liouville yon Neumann equation methods [25-28] enable 
the study of molecules under the influence of strong fields and dissipative 
forces. The third element is the progress in optimal control strategies [24,35]. 

Finally one has to consider the practicality of using light as a chemical sub- 
stance. Since the price of photons is high, optical control of chemical reactions 
is justified only for very expensive materials. Nevertheless the control meth- 
ods developed have already found their use in new spectroscopic techniques 
which are based on impulsive excitation of coherent motion [29-31]. It is well 
known that measurements based on interference effects are of high quality. 
The control mechanisms can be used to optimize the information content of 
the experiment. Since in the modern era information is more valuable than 
materials the effort to seek control is justified. 
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