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Control of polarized iodine atom branching ratio in Nal photodissociation
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We report branching ratios between the ground and excited states of iodine atoms in the photodissociation of
sodium iodide. We employ wave packet propagation techniques to study the optimal production of polarized
iodine atoms and find experimentally realizable laser parameters to control the outcome. Application of a
learning algorithm shows that the product branching can be controlled by suitably varying the time delay, the
chirp, and the relative phase of the pump and control laser pulses. Periodic modulation of the polarized iodine
atom branching ratio as a function of the delay between the firing of the two ultrashort laser pulses provides
interesting insights into the photodissociation process.
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[. INTRODUCTION Recentlyab initio potential energy curves, spin-orbit cou-

Active control and manipulation of atomic and molecular pling matrices, and transition and permanent dipole matrix
" P . . elements for the low-lying electronic states of Nal have been

transitions have been at the forefront of research in physics

over the last couple of decades. The invention of stable ul_computed and photodissociation dynamics of Nal employing
ese potential curves has been repoft&gl. It was found

trashort laser pulses and techniques for laser cooling an : :
magnetic trapping of atoms has led to major discoveries ir'at the substantial energy differer@942 eV between the

science: the macroscopically coherent atomic and moleculdifound [°P,) and the excited(fPy,,) atoms quantitatively
matter and the Bose-Einstein condengated], and real-time  changes the behavior of the potential curves near the cross-
processing of biological macromolecules being a few exding region. In particular, the inclusion of spin-orbit coupling
amples. The nearly still motion of atoms in a Bose-Einsteinled to a second crossing between the ionic curve and cova-
condensate provides unprecedented opportunities for pelent curve separating to the Na#P,,) fragments at an in-
forming ultrahigh-resolution spectroscopy of atoms and molternuclear separation of 2&y

ecules[4], while the stability of ultrashort laser pulsgs-9] In this paper, we report time-dependent wave packet cal-
enables real-time viewing of the intricate processes within &ulations of the photodissociation process with the aim of
complex molecule. In the realm of molecular spectroscopycontrolling the branching ratio between the grOL(ﬁﬂ3,2)

quantum control of transitions is now routinely possible andanq the first excited?P,,,) states of the iodine atom and the
optimized techniques for achieving the desired outcome arg-(1s) and N4(2P) ion pairs. We use previously reported

available. - ; - - :
) . 33] diabatic potential energy curves and coupling matrix
u;)r'l?li%m'gorﬁ?rlglcﬂlnesbﬁxe tti)rieen 2:10(;0% geiefagthe df)trlrj%/ng lements and investigate the wave packet evolution on three
?10—14] Sodium iodide(Nal) is a classical eqxam )I/e of such coupled potential energy curves in the presence of two u-
: P trashort laser pulses—a pump and a control pulse. This ap-

a;]_diatomic rr;)ol;cule _de;emtoseﬁog p;mr;])-probe S'ng:fs roach bears resemblance to the Rice-Tannor control scheme
this system by Zewail and co-worke5-20 have provided i, \hich an initial pump pulse transfers amplitude from the

c9n5|d_ere_1ble |nS|ght§ into the d|ssquat|on dynamics. For Soground state to an excited state and a second pump pulse
dium iodide, all available calculations of quantum control

. transfers amplitude in the opposite direction, and thereb
have treated the molecule as a two-level sydt2ir-31] with b bp Y

he | ited 35+ | o d th modifies the branching ratio between the two product chan-
Loeun(()jmilgr?;[c;xlgae covalent potential curve and the o151 4] \We use a learning algorithm to optimize a subset of

. potential curve crossing at an internuclear j,ser harameters and obtain optimal pulses to control the
separation of about B3. This is a typical scenario with

alkali-metal halide$32] and the crossing arises because th

ever, an accurate treatment of the photodissociation dynany, \ve find modulation of the branching ratio as a function

ICS .Of Nal should mclgdg both the ground and ex_mted SPINGt the time delay with a characteristic period of about one
orbit states of the iodine atom as neutral dissociatio

. . . Iﬂbicosecond. We show that photodissociation of Nal could be
channels as well as the ion-pair formation channel. a useful source of polarized iodine atoms. In a recent study, it
has been shown that the production of polarized atoms in
photodissociation leads to distinct angular momentum distri-
*Electronic address: bhadjiho@cfa.harvard.edu butions of ground state and excited state cofragmigth
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02 solved using the split-operator meth¢85,36 which em-

ploys a symmetric splitting of the kinetic and potential en-
ergy operators. We have previously applied this approach to
compute photoabsorption spectra of Li#2], Nal [33], and

HI [37]. For LiF we have demonstrated the accuracy by com-
paring with results obtained from time-independent quantum
calculations while for Nal excellent agreement was obtained
with experimentally derived pump-probe signals. For the
photodissociation of H[37], quantitative agreement was ob-
Bl ¥ tained with measured values of photoabsorption cross sec-
0 10 20 30 40 tions.

In the diabatic representation, the wave packets are initial-

FIG. 1. Adiabatic and diabatic potentials obtained by includingiZzed as
spin-orbit coupling. The adiabatic potential curves are denoted by
symbols and solid linesX0* (circles; AO* (squarey BO* (tri- h(Rt=0) = ¢,n(R),
angle$. The corresponding diabatic potential curves are denoted by
the broken lines: ioni¢dotted curvg ground covalent stat@ashed
curve; excited covalent statélash-dotted curye yu(Rt=0)=0,

0.1

Energy [a.u.]

Il. THEORETICAL FRAMEWORK
ll/?:(R!t = O) = 01 (2)

A. Electronic potentials
The potential curves relevant to the present study are th&ere ¢y+(R) is a rovibrational eigenfunction of the ionic
Q=0 adiabatic potential curves, whefe=|A+3|, and A potential corresponding to vibrational and rotational quan-
and3 are, respectively, the components of the total orbitafUm numbersy” and j”. A grid of 2048 points with 3.8,
and spin angular momenta of the electrons along the interngs R=150.C is used to represent the wave functions on the
clear axis. The three lowe§t=0" states are the ground ionic three potential curves.

state X0" and the two covalent state&0* and BO* which The probability flux in each channelis given by
dissociate, respectively, to the N&#R,,,) and Na+(?P,,,)

atomic limits. The ionic stat¥0* breaks up into N&2P) and 30 = ﬁlm[dz—(R t)ﬂdfi(R,t)] 3
I-(*S) ions. The 0 potential curves are shown in Fig. 1. Itis ' R e

seen that the asymptotic spin-orbit splitiing ¢fR,,) and

1(?P,,,) atoms is correctly reproduced by thb initio calcu-  wherej e {1,2,3 corresponds to Nal~, Na+I(*P5,), and
lations. More details of theb initio potentials, including Na+|(2p1/2) products, respectively, arig is the location of
radial dependence of the dipole and spin-orbit coupling mathe flux calculation. An absorbing potential is placed at in-
trix elements, are given in our earlier WO[”_K3]- _ ternuclear separatiorR=45.0ay to avoid wave packet re-
In the present study, we use the diabatic representation iffiection from the grid boundaries. The probability in each
which the kinetic energy operator for the nuclear motion isgissociative channel is obtained by integrating the corre-
diagonal. In this representation, the couplings are restrictedponding flux over the time intervdD,T] in which it is

to the off-diagonal elements of the potential energy matrix.acorded. For example, the probabilities to find ground and
and it is more convenient for numerical calculations. Thegycited state iodine atoms are given by
details of the adiabatic to diabatic transformation are dis-

cussed in Ref[33].

-
p()=p= J J(tdt, (4a)
0
B. Wave packet propagation
The Schrodinger equation in the diabatic representation T
for the three-channel problem can be written as p(I") =p :f J;(t)dt. (4b)
0
JW (Rt 2 ¢?
iﬁ#:Hd\p(R,t):{-—|—+vd]\1r(R,t) (1) _ _
ot 2u dR We use a two-pulse scheme to control the branching ratio for

wheren=35 357 a.u. is the reduced mass of the moledule, the product*lon of excited vs gro_und state iodine atomép,
or simply I'/l. The two Gaussian-shaped laser pulses, the

'S the 3x 3 unity matrix, and¥’ is a three-component vector, first being the pump and the second the control pulse, are
each component representing the part of the wave function. 9 pump P ’

on the electronic stateé0*, A0*, andBO*. It should be em-  IVE" by

phasized that in the diabatic representation the potential ma- )

trix V9 is nondiagonal and carries the nonadiabatic couplings E,(t) = £ exp(— }{ (t —tl)] )cos(w 0
as off-diagonal elements. The coupled-channel equations are ! ! T v
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R 1 (t—tz) 2 5 04 T T T pp——
Ex() =Exexpl = 5| = | |codmat + ap(t —t)" + ], f e
2 ) gk 7 r’ i
©) s =
i r
wherea, is a linear chirp for the second laser, agds the _:E 0.2t ! -
relative phase between the two laser pulses. Chirped pulses g ,’
have varying central frequency and longer duration com- Soar -
pared to unchirped pulses. In the presence of the laser pulses, |
the full diabatic Hamiltonian takes the form phlisEetE it oaei i d e =
§ 0 5 10 15 20 25 30
Hun() T [ps]
HY, - DY,(R)E4 (1) HY, HY, FIG. 2. Dissociation probability vs time: probability flus,
- Hd Hd HY. — D.-E (t) (dashed ling corresponding to the production QFPs,z); probabil-
sl g 22 23 d23 2 ity flux J; (dash-dotted ling corresponding to the production of
Hay H3, = DasEa(t) H3s I(2P1,2). The ion-pair formatior(solid line) is nearly zero.
(6)

In the above expressionD{,(R) is the strongly f(Po) = (F(xq), f(xa), ... F(Xn)). (®)

R-dependent dipole matrix element for optical transitions in
the diabatic ionicX0* channel, and we have taken the tran-
sition dipole matrix elemenD,5 to be weakly dependent on

the internuclear separation and equal to unity. The pump
control scheme can be used effectively to control the branch-
ing ratio I'/1 if certain parameters of the pulses are suitably
chosen. The implementation of a genetic algorithm vyields

optimal pulses from a subset of laser parameters which mini¥hereR, C, andM are, respectively, the reproduction, the
mize or maximize the production of excited iodine. crossover, and the mutation operators. The reproduction op-

erator will randomly copy the individual elements
C.G ic algorith weighing them only according to their fitness function value
- Genetic algorithm f(x) obtained in Eq.(8), which means that structures with

The learning algorithm we use is a so-called genetic algohigher fitness are more likely to be copied into the new set.
rithm (GA). Genetic algorithms are inspired by selection Through the next step, crossover, variations are introduced
mechanisms which occur in natufg8,39. A genetic algo- into the new generation in order to explore other points in the
rithm is an iterative procedure that maintains a population oparameter spacE than already present in the current popu-
candidate solutions, which are also called structures, to thktion. Our crossover rate was set to 0.6, which meant that
objective or fitness functiorf(x). The procedure employs about 60% of the encoded information in the string was in-
stochastics to guide a highly exploitative search. In our casderchanged between the members of the population to create
f(x)=1"/1 is the branching ratio between the excited and thed new generation. The last operator, mutation, plays a sec-
ground state iodine atoms, are (ty, ¢, a,) is a triplet con-  Ondary role in simple GAs. Itintroduces new search points in
taining a subset of laser parameters which are subject to op- & random, but at a small rate. o
timization. The parameteg=t,—t, is the time delay between ' N€ genetic algorithm code we employed to optimize the
the firings of the two laser pulses with relative phaseand ~ Subset of laser parameters is freely availdig. We modi-

a, is a linear chirp factor for the second laser—all 0therfled'the algorithm so as to be able to runin a multiprocessor
pulse parameters in E¢p) are fixed. We keep the intensities €nvironment. A wave packet propagation timeTot 17 ps
A~ . . . translates into approximately 1.5 h computation time for
low at E;=E,=2.57 GV/m to avoid multiphoton effects; the each trial. i.e.. an evaluation of a structure
first laser is fired at;=150 fs and the width of the pulses are T '
fixed atm=7,=50 fs. The set of all possible tripletsdefines
the parameter spadé The GA encodes the tripletsinter- IIl. RESULTS AND DISCUSSION
nally into a string, which can be, e.g., a sequence of 0’s and
1's or simply a real number. It explores the parameter space We tuned the first laser at a wavelength)of 320 nm,
I" using the wave packet calculation described above. Thehich is right at the maximum of the partial photoabsorption
GA starts out with a random population of different lasercross section of the ground covale(P,,) state. This
parameters sets amounts to transferring amplitude from the ionic ground
state to the covalent one and leads to the production of iodine
Po= (X1, X2, ... Xn), (7)  atoms in the ground state. In Fig. 2, we show the integrated
probability flux on the lower and upper excited states as a
and runs the wave packet calculation with these parametefanction of integration time. In these calculations only the
to obtain a fitness value for each pulse, first laser is turned on. It is seen that the dominant product is

In the next step, a new population is formed based on the
outcome of Eq(8). Three operators are applied to create a
new generation

Piii=(MoC°R)P, 9)
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FIG. 3. The ratio of excited to ground state iodine atdfitaess 50
function) as a function of the number of generations in the genetic
algorithm.

the ground state iodine atom and that the fitness function
f(x)=[1"/1] is very small, 1/1=0.043 after a propagation
time of T=17 ps.

It is possible to change the branching ratio quite substan-
tially by switching on the second laser pulse with suitably
chosen parameters. This is facilitated by the GA which maxi-
mizes the fitness functiofix) and yields significantly more
iodine atoms in the excited state than the ground state. The
results are shown in Fig. 3. Approximately 80 generations
were evaluated with a size @f=50 structures in each one. 9
After only 20 generation cycles, the GA converges to a very
stable value forf(x) and therefore has found a subspace in
the parameter space favoring high values’df.!

In Figs. 4a)—4(c) we show the distribution of time delay,
chirp, and phase values of the 50 fittest structures resulting
from the GA. Most of the time delay values bunch up at
short times and also at around 1.1—-1.3 ps. For the laser chirp
only two values, +3.X10°® s72, are found while a broader
distribution is obtained forp with a slight preference foe
<0.87. These distributions lead to an important question: OLRINERLNLIANUI N SN N N
what can we actually learn about the physics of the system phase ¢ [1/r]
from the application of the learning algorithm? To see the
significance of the distributions, we took the best pulse re- FIG. 4. Distributions of the time delafty), chirp phase(a),
sulting from the GA, x*:(t;,a;,¢*):(118 fs,-3.2 and phaség) of the 50 best structures obtained by the GA.

x10°s72,4/15m) and sliced the parameter space from thisground and excited covalent states through the nonadiabatic
point off along the axes. _ _ _ couplings. The second laser transfers amplitude between the
In Fig. 5 we show the VI branching ratio as a function of o covalent states. When the time between the firings of the
the time delay. It exhibits a pronounced periodic behavior two laser pulses commensurate with the time required for the
with peaks separated by 1.1-1.3 ps coinciding with the pewave packet to make a round trip in tAé* covalent poten-
riod of oscillation of the wave packet on t#®" state[33].  tial curve, the branching ratio of the excited to ground iodine
As shown in Fig. 2 the excited state product is formed in theatoms maximizes and population is efficiently transferred
first passage of the wave packet through the second crossitfigm the ground covalent state to the excited covalent state,
in approximately 800 fs. On the other hand, the ground statéhus contributing to a peak in Fig. 5.
product probability shows a stepwise build(gee Fig. 2 The dispersion of the wave packet is illustrated in Figs.
through bursts in the probability flud(t), separated by 6(a)-6(d), where we show snapshots of the time evolution of
about 1.3 ps—the vibrational period of the wave packet orthe wave packets on the diabatic curves with the second laser
the A0* potential[33]. The recurring peaks in the branching turned off. Fort<300 fs, the ground state wave packet is
ratio as a function of the time delay between the pump anexcited by the first laser on thé0* curve. Almost instantly,
control laser pulses are due to the dispersion of the wavthis excited wave packet is distributed onto @& andB0*
packet in the ground ionic andl0* covalent states and the covalent curves due to the diabatic couplifBfy. 6(a)]. As
nonadiabatic coupling between these two electronic stateshe wave packets move outward and approach the crossings,
Even though the wave packet was initially prepared in theparts of them are transferred to the ionic cuffg. 6(b)].
ground ionic state, amplitude is constantly transferred to th&he remaining parts dissociate after passing the region of the

number of structures

number of structures
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FIG. 5. I'/1 branching ratio as a function of the time delay with
all other parameters fixed. The best pudeserves as the origin. L (®) ty=1181s .
a,= -3.2x10° 1/s

Inset: | and 1 dissociation probabilities as functions of the time g
delay: ground (®P5,) channel(solid line) and excited (°P,,) 5)14‘4 ]
channel(dashed ling g
Q
crossings between the ionic and covalent curves yielding _§
1(®P,,) and P, ,,) atoms. Because of the flat shape of the S22

BO* potential near its crossing with the ionic curve and the
small values of the diabatic couplings between the two po-
tentials in the vicinity of the crossing, almost all of the wave 14.0 L L :
packet on theBO* potential undergoes direct dissociation ¢[11t] 13 :
yield*ing iodine atoms in the excited state. This explains why
the+l product is formed in a single burst. Large parts of the £ 7. /| branching ratio as a function of the laser chig
A0 wave packet, however, are transferred back to the ionigp the relative phas@) with all other parameters fixed. The best
channel on the way OlﬁF_|g. 6(b)]. This part is then reflected pulsex’ serves as the origin.
on the outer turning point of th&¥0* curve and on its way
inward is again transferred onto tA€* potential[Fig. 6(c)], The periodic peaks in the time-delay spectririg. 5)
starting a new cycle of wave packet motidfig. 6(d)]. This  show shoulders to the left of the maxima in the branching
oscillatory transfer of amplitude between the io@" and  ratio. These shoulders are due to the difference in the wave
the covalentAO* curve explains the leaking of thé”P,,,)  packet oscillation periods in th®0* and AO* curves. The
wave packet with a period of about 1.3 ps and hence thgart of the ionic wave packet which has not leaked to the
stepwise buildup of the dissociation probabilifig. 2). This ~ covalent channel gets reflected from the inner turning point
periodic exchange of amplitude and the ensuing dynamics igbout 200 fs prior to the covalent wave packet on AE
also reflected in the results of the GA. Every time the ionicpotential. As the ionic wave packet traverses the crossing,
wave packet is transferred to tA@* potential on its inward  part of it is transferred to th&0" curve, just ahead of the
motion, the second laser will take it to the excited covalenw@rrival of the slower-movingAQ* covalent wave packet.
channel, thus increasing the yield 6fdtoms. In this sense, Thus, for a brief period of time, there is a buildup of ampli-
the second laser is probing amplitude in tA@" channel. tude on theAO" potential. The second laser transfers this
(Animations illustrating these oscillations can be found hereamplitude onto théB0* potential which yields 'l and hence
[41].) the peaks to the right of the shoulder peaks in Fig. 5. The
peak amplitudes decay with time delay as more and more of
the wave packet is dissociated and the shoulder becomes less
::XO" prominent. The interesting aspect of the dynamics is that the

0.1

T T
T=436fs!

0.05 . GA captures the “essence” of the wave packet evolution and

\ without specific knowledge of the system it is able to fire the

L | second laser at appropriate moments.

1 Tz 1470 fs | Next, we shall discuss the effect of laser chirp. The dis-

tribution of the chirp values in Fig.(8) finds a prominent

A0 1 peak at a small value of about,=-3.2X107° s72. The de-

pendence of the branching ratio on laser chirp is shown in

Fig. 7(a) for ;=118 fs and¢$=4/15x. It is seen that peak

5 10 15 20 values of [/1 are associated with chirp values closedg

Interestingly enough, a zero chirp produces the smallest

FIG. 6. Snapshots of the wave packets on the three diabativalue of ['/1 in the range displayed. There is also a smaller

curves at different time intervals: ground ionidashed ling peak on the positive chirp axis, but the learning algorithm

ground covalent(solid line); and excited covalentdash-dotted hangs in on the largest ratio. It should be noted that in a

line). different slice along the chirp axis at another valuetpf

wavepacket amplitude
o
R

CO
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~1.2 p3, for which the I/l ratio is reasonably high as well, ing ratio. Our calculations show that without having prior
the behavior in Fig. (@) near the optimal chirp value re- specific knowledge of the wave packet dynamics, the learn-
verses and the chirp producing the largést is a small, but  ing algorithm is able to tailor a control laser pulse to yield
positive value. Clearly, it is evident that small chirping of the maximum value for theVI branching ratio.
laser pulse profoundly affects the/I ratio and an unchirped The control scheme employed here is similar to the
pulse is ineffective in enhancing production. Tannor-Rice scheme, and it uses suitable time delays be-
The distribution of the 50 best phase values found by théween the pump and control laser pulses to control nuclear
GA [see Fig. 4c)] suggests thaf Il is a periodic function of motion on the different potential curves. The calculation also
the phasep. To see the importance of this parameter and toevealed an interesting and experimentally important fact:
corroborate our assumption, we sliced through the parametée laser chirp, however small, has a significant effect’on |
space along the periodic phase axis. The results are shown fioduction—the I/1 branching ratio increases by more than
Fig. 7(b) and it depicts a periodic behavior of the branchingan order of magnitude with a chirped pulse. The phase as a
ratio as a function ofp, implying that coherent control of |  coherent control parameter is found to have a relatively
production is possible. However, the amplitude of the oscil-small, but periodic effect on thé /I ratio, revealing that the
lation is small, indicating that the phase is not as important autput channel can be controlled by constructive and de-
parameter as the time delay or the chirp. structive interferences between wave packets propagating on
different potential curves.
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