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Optimal control of wave-packet isotope separation
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We present an optimal control approach to the process of molecular isotope separation by exciting vibra-
tional wave packets with femtosecond laser pulses. In the weak-field limit, we developed an optimization
procedure for designing shaped laser pulses leading to the best selectivity in the two-photon ionization pro-
cesses. Several control scenarios are identified, which mainly belong to two groups. The first takes advantage
of the revival phenomenon, which allows one to find times at which excited wave packets of different isotopes
are well localized and spatially separated in the intramolecular space. The second is based on isotopically
selective quantum interference between several wave packets excited in the same molecular potential by a
designed sequence of laser pulses. Simulations have been done for the isotopic miXtie ahd 8'Br,
molecules, which was used in the first experiments on wave-packet isotope separation.
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[. INTRODUCTION phase. However, quantum-mechanical spreading due to the
anharmonicity of molecular potentials leads to a spatial over-
lap of the wave packets, thus preventing their separation.
L L Since the delocalization time is, in general, much smaller
tlg(.';\.'ung and controlling intramolecular proces{&sZ]. The _than the time needed for separation, the above quasiclassical
ability to shape laser puls¢8] has made it possible to opti- senaration scenario fails. A solution to this problem comes
mize their phase and amplitude to cr_eate spem_ally tallor_eﬁom the phenomena of revivals and fractional reviag—
quantum wave packets and to manipulate their dynamicsg) of wave packets. As the vibrational wave packets consist
(see, e.g.[4]). It has been predicted in the past that reactionof a finite number of discrete states, they show strong local-
selectivity can be controlled by varying the relative phasezation (revivals at a number of specific instants of time
and amplitudes of several light fiel@s] or by pulse shaping after the initial spreading. If, in addition, the classical oscil-
[6], and the general field of quantum optimal contf@)8] lations of the isotopically different wave packets are out of
has provided a number of tools to treat the problem. Rephase with each other during one of these revival events,
cently, the ability to control photoinduced chemical reactionssuch a situation favors the process of isotope separation. For
has been demonstrated experimentally for photodissociatioimstance, an additional laser pulse may be applied to the sys-
reaction of iron pentacarbonj®]. Another goal of quantum tem that ionizes only one isotopic component of the mixture.
molecular control is to steer intramolecular dynamics. Con-This is possible, because the photonic energy needed for ion-
siderable work has been done in controlling wave-packet dyization depends strongly on the position of the wave packet
namics with specially designed laser fields for various purdin the electronic potential.
poses such as optimizing wave-packet squeefit@ or These heuristic arguments demonstrated their effective-
wave-packet recurrencgsl]. ness in the experimefi4] in which a considerable separa-
Femtosecond wave-packet techniques have also been uskoh ratio was achieved without any additional attempt to
to investigate isotope selective molecular dynanpikc 13. optimize the separation process. The motivation of the
Recently, an isotope separation method was introduced thatresent study is twofold. First of all, we want to apply the
is based on the preparation of spatially localized vibrationapowerful technique of quantum optimal contfdl] to this
wave packet$l4]. Traditional laser isotope separation tech- problem to review the potential and limitations of the method
niques[15] rely on small isotopic shifts of energy levels when more sophisticated field manipulatidpsilse shaping
[16]. They require extremely narrowband tunable lightare allowed. Next, we hope that the automatic nature of the
sources as well as detailed knowledge of the spectroscopy ofptimal control algorithms will allow us to reveal other sce-
the system to achieve isotopically selective excitation. Innarios of wave-packet isotope separation in addition to that
contrast, wave-packet isotope separafidd] makes use of found in[14] on a more intuitive basis. Both objectives were
the differences in the free evolution of the wave packets irsuccessfully fulfilled, as described in the following sections.
different isotopes. In this scheme, a short laser pulse excites In Sec. Il, we present a description of a linear optimiza-
virtually identical vibrational wave packets in an excited mo-tion procedure for separation of an isotopic mixture of di-
lecular potential. Initially, the wave packets undergo periodicatomic molecules. In Sec. Ill, we apply the method to a
oscillatory motion. If they behaved exactly like classical par-mixture containing’°Br, and 8Br, molecules. We discuss
ticles, the small isotopic mass difference would eventuallyarious mechanisms that lead to isotope separation and de-
lead to spatial separation of the wave packets. This separaeribe how they depend on such parameters as the interaction
tion is most pronounced when the classical motion of twatime between molecules and laser field and on the spectral
isotopically different wave packets becomes 180° out ofrange of the excitation field.

New developments in the technology of producing femto-,
second laser pulses have expanded the possibilities of inve
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@/ tion, one obtains the following expression for the coefficients
chl(t) in first-order perturbation theory:

52\ 52 cW(T)znggn|o>fT dt'&t)exdiolt’], (2
\‘\ ‘/r\\ - -T

where ,LLgeE<g|,ZL|e> is the transition dipole moment be-
tween the ground and excited electronic stat#s) is the
shape of the laser pulse, andh=(EL'—EL). At t=to, a

t=0 T<t<t t=t second laser pulse ionizes the prepared wave packet. In the
) dipole approximation, the coupling between the excited po-
% fﬂ\ tential|e) and the energy continuufi’) in the ionic poten-
5| & i tial |i) is [29]
ol BT i
T e W(t)=— fo dE' uoi( ENEnDILENel, (3

FIG. 1. Principle of wave-packet isotope separation: During the

time interval —T<t<T, a laser pulse excites vibrational wave h is the sh f the ionizi | he el
packets of an isotopic mixture of diatomic molecules. Between where gi_on(t) Is the s ape o ,t € lonizing puise. The elec-
=T andt=t,, the wave packets evolve freely in the excited poten-{ronic eigenstates of the ionic Hamiltonian are denoted by

tial |€) until a short pulse at=t, ionizes a part of the molecules. |i,E"). They describe free electrons with the kinetic energy
E'=k'9(2m,) as well as the core electrons. In general, the
Il. LINEAR OPTIMIZATION PROCEDURE transition dipole moment between the intermediate electronic
state and the ionic statg,(E'), depends oi’. Hence the
The model we use to optimize the wave-packet isotopgs’ dependence is generally wef80]; we set for simplicity
s_epara_tion is sketched in _F_ig. 1. We_conside_r a mixture Ohei(E,)::Ufei in the relevant energy intervi29]. The prob-
diatomic molecules containing two different isotopes. Thegpjlity of finding the ionized molecule in the vibrational state

molecules interact with a laser field during the time interval|fy and the free electron having kinetic enerfy is then
—T<t<T. The laser field excites vibrational wave packets[31]

in the upper molecular potential. After the interaction, the

wave packets evolve freely in this potential until a second, . . . .

short laser pulse ionizes a part of the molecules at time Py,]|5f:|ﬂei|2|2 (flnych(mG(E' +EM-EL) 2,

=ty. With the help of the linear optimal control approach, "

we will be able to find those fields that result in the maximal

difference of the ionization probability of different isotopes.

The ionized species enriched in a certain isotopic component _ _

can then be extracted by standard electromagnetic means.  G(E'+E}1 - EL'])zj dt’ En(t")
To discriminate against trivial, isotopically selective

where

monochromatic solutions, we restrict the interaction time by xexd —i(E'+EM-EMt]. (4
mni=2T (T is a free parametgrand focus on separation
mechanisms based on dynamic effects. For short ionization pulses, we may assume tHat~E!?

We assume that the molecules are initially in their lowest=g . Tq obtain the total ionic signal, that is, the total prob-

vibrational state|0) of the ground electronic potentigdi).  apility to ionize the molecules, we sum over all vibrational
The first laser pulse excites a set of molecular vibrationaktates of the ionic potential and integrate over the electronic
states|n) of the upper electronic potentigé). The vibra-  continuum,

tional wave function in this potential can be expanded as
(h=1) , A
PU(to) =2 f dE'P'L,(to). (5)

|'/f['](t)>:§n: chl(tyexd —iEft]In), (D In our linear control scheme, we try to optimize the shape of
the first pumping field only, while considering the second
pulse as a “short” one. That means that the molecules stay
where indexi denotes the isotope. Here, we neglect the ex“frozen” during the ionization process. For this, the band-
citation of continuum states that do not contribute to thewidth of the ionization pulse should be bigger than the en-
second step of our separation process. The electronic potesrgy widths of the wave packet in the excited potential. At
tials and the vibrational eigenfunctions are approximately thehe same time, this pulse may be relatively long compared to
same for both isotopes, and the isotopic mass difference ihe period of high-frequency oscillations in the ionic poten-
reflected in the vibrational energiﬁ:] . Assuming that the tial, so that only a singléground vibrational ionic state
laser field is weak, and using the Franck-Condon approximaeontributes to the sum Ed5). In this limit, the ionization
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probability is proportional to the spatial overlap between the T
wave packetyl!(ty)) and the ground vibrational state in the J_Tdt' Kt D)E") =NEM). (13
ionic potential

i i We can further identify the physical meaning of the
[i] - 1221/ — [i] 2
PH(to) = weil *Eol(f =04 (1)) ©) Lagrange multiplienn. By comparing Eq(13) with Eq. (9)

In Eq. (6), the ion signal is a functional of the first pumping we find that

pulse, while the only important parameter depending on the [1] _pl2]

o : , . ; P (to, T) = P (to, T)
second(ionizing) pulse is the time of its arrivaky. Gener- =

ally, the ionized molecules are more compressed compared

to the neutral ones, and hence the equilibrium position of thclaS the yield of separation per pulse energy, and the global

ionic potential is shifted towards a smaller internuclear dis- ptimal field is associated with the largest valudof [32].

tance. Therefore, the ionic signal is large when the wav . . i .
packet yll(to)) is localized near the left turning point, small %?r a ?I\t/ier; va:cug Otigj[ thre |0pt'm?il£%ds are provided by
when the wave packet is in the right half of the potential, anot 0 solutions ot the integral equa '

it takes intermediate values when the wave packet is spread ()04 = AFCE A% (et ) () * (1.

over the whole potential. ERO=NTa1(tt) =, Dez ()] (19
A measure for the efficiency of separation is the differ- i,

ence in the ionic signals of different isotopes at fixed energy

, (14

of the laser pulse. Our objective is to design, for a given . A —cyy
interaction timer,,,, a laser pulse(t) that maximizes the f)(to,T) = —<. (16)
differenceP!?l — PIY1 of the ionic signals. The functional we 12
want to optimize is, therefore, The normalization constant*) is determined by the en-
i iti i )

3=Pl(ty, T)— P (tg, T)~ NI, ) Z:gy constraint condition E@8). The two solutions foi
where Pl(t,,T) are the ionic signals, Ed6), and! is the 1
total energy of the pumping field, A (g, T)= E[(;11_ Cu7 V(Cq1+Cp)?—4|CyJ2].

|=f dt|&(t)]2. (8)
-T

The coefficientC;; are given by

The Lagrange multipliek is related to the total energy con- T _ ‘
straint. With the help of Eq2) and Eq.(6), the difference of Ci= f dt|a;(t)|?=2 >, prmexd —i(EN—El)t,]
the ionic signals can be written as T n#m
Pty T)— P2 (t,,T) ><siri[(ELi]_ ENNT)

Elil _ gl

n m

+2T2 Pons

T T n

=f dt’f dt’K(t', t")EXHE (") (9)
-T -T

T
Cio= f dtaf (1) () =22 pamexd —i(ENT—ERt,]
with the kernel -T n.m

Kt t) =ay(t)at (t") —an(t)as(t"). (10 Xsir{(EL”—ELf])T]
gltl _gl2]
n m

) (18
Here,
where p,,,=(f=0|n){m|f=0)(n|0)(0|m). Equation (17)
a ()=, (f=0|n)(n|0YexdiEM(t—tg)].  (11) enables us to calculate the yield of the contidly), as a
n function oft,. At the final stage of optimization, the maximal

o ) ] o (minimal) values of this function should be found, providing
The variation of) with respect to the field(t) is given by ;5 with the globally optimal fields.

T T
5J=f dt’j dt"K(t' t")[E(t") 6EF (1) + EF (1) SE(L) ] Ill. RESULTS
-7 -7
. We illustrate the use of the above method by simulating
n | derey sty + £ SEET. 17  Wwave-packet isotope separation of an isotopic mixture of
f—T [EE) 687 (1) + E()" GE(L")] (12 "*Br, and 8'Br, molecules. The computations are done using

Morse potentials with parameters taken fré&3] and[34].
It follows immediately that the functiondltakes a stationary The involved potentials and Franck-Condon factors are
value if £(t) obeys the integral equation shown in Fig. 2.
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FIG. 2. Morse potential curves of Bi(a), and distribution of ©
Franck-ConQon factors for the transitiof®)|g)—|n)|e) (b) and 204
Inle)—10)li) ©. S5
o -
A. Isotope enrichment due to spatial separation of wave packets 0.2 0 0.15
The maximal yield of separation per unit pulse energy is time (ps) time (ps)

gl(vie)n by the. global maxmunﬁirll)nlmum) of the f“r?c“o"‘ FIG. 4. Isotope enrichment through spatial separat{@f=(c)
A (to,.T)..Flgu-re 3a) ShOWS)‘, (tO’T) as ? function of show the details of the excitation process far=20.27 ps and,
the ionization timet, for the interaction window of Z —18.45 ps. The intensity of the optimal field(t)|?, is plotted in
=0.27 ps. This corresponds approximately to one-quarter ofy The real(solid line) and imaginary(dashed ling parts of&(t)
the vibrational period for levels lying in the Franck-Condon gre displayed in(b). (The carrier frequency, corresponding to the
absorption maximumr(=31). A maximum of\(")(t,,T) transition from|0)|g)— |31)|e), is extracted. The population in the
corresponds to the enhanced ionization ‘8Br, while a  excited molecular potentiah((t), during the excitation is shown
minimum of A\(*)(t,,T) indicates enhanced ionization of in (c). Here, the solid and dashed lines correspond to the isotopes
81Br,. Global extrema of\(*)(t,,T) emerge around,  ’°Br, and®'Br,, respectively. The same quantities are displayed in
~9 ps andty~18 ps. (d)—(f) for t,=18.1 ps. The optimal field and the population are
The details of the process that leads to the maximal sepaplotted in arbitrary units.
ration atto=18.43 ps, wheir(")(t,,T) has a minimum, are
shown in Figs. 4a)—4(c). The excitation field[Fig. 4(a)] can occur only due to differences in the free evolution of the
consists of a single laser pulse that is short compared'to 2 wave packets of different isotopes. It can be seen in K@). 5
Immediately after the excitation, the wave packets in boththat att=t, the wave packets are, in fact, spatially separated.
isotopes are identical and cannot be distinguished by the iorFhe wave packet of thé'Br, isotope(dashed lingis local-
ization pulse. The excited populatian!(t)==,|cl1(t)|?>  ized near the left turning point of the potential. Hence, the
[see Fig. 4c)] is indeed virtually the same for both isotopes. ionization probability for ®Br, is large, while the wave
As the excitation is not isotopically selective, the separatiorpacket of "*Br,, situated in the right half of the potential, is
almost not affected by the ionization process. The preferen-
tial ionization of the latter isotop€/®Br,, can be, of course,

4 @ s ® achieved by a similar separation process. The optimal ion-
© z ization time for it {o=18.1 ps) is determined by the global
, 4 maximum of A\(7)(t,,T) [Fig. 3@], and the details of the
M process are displayed in Figgd#-4(f). The corresponding
J J \ spatial probability density distribution at ionization tinte
0 0 =t, is plotted in Fig. Bb).
\«W This separation scheme, which came out automatically
2 4 from our optimization procedure, is, actually, very close to
x . MM/\J\WWWW/N\M that described if14]. Indeed, the optimal ionization times
-4 A found in Fig. 3a) correspond to half and full revivals of a
%0 % wave packet whose central energy lies in the region of the
o o Franck-Condon absorption maximum. In addition, molecules
ionization time (ps) ionization time (ps)

of one of the isotopes are compressed, while molecules of
FIG. 3. The yield of separation per unit pulse energy,the second one are stretched at the moment of ionizpdie

A)(t,,T), is plotted in arbitrary units as a function of the ioniza- Fig. 5@ and Fig. $b)]. These are exactly the conditions

tion timet,. In (a), the interaction window is 2=0.27 ps, in(b) it described in[14]. For the given interaction window T2

is 2T=1.37 ps. =0.27 ps, our procedure finds the best way to realize the
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ah FIG. 6. Isotope separation through “pump and dump” mecha-
04 5 6 . 7‘ “ 3 = nism: The upper graphs show the intensity of the optimal field,

. . |E(t)|? (arbitrary unit3, for t;=8.75 ps(a) and fort,=9.63 ps
internuclear distance (a. u.) (b). The interaction window Z=1.37 ps is used in both cases.
Graphs(c) and (d) show the corresponding populatiofi!(t) (ar-
bitrary unit9. As before, the solid and dashed lines correspond to
the isotopes’®Br, and 8'Br,, respectively.

FIG. 5. Probability density at ionization time: l@), the prob-
ability density(arbitrary unitg is plotted att,=18.45 ps, in(b) at
to=18.1 ps. In both cases, the interaction window wa 2

=0.27 ps. The solid line denotes the isoto3Br, and the dashed _
line denotes®'Br,. pending on the ionization timg,. As in Fig. 3a), the ex-

treme values fon“)(ty,T) can be found fot,~9 ps and

above scenario. Note that pulsgstimalfor preferential ion-  to=18 Ps. In contrast to Fig.(8), we have now two almost

ization of different isotopes are not the safjgempare Fig. equal m|n|ma(maX|me). for each case.

4(a) and Fig.4d)]. These optimal pulses are much shorter W€ choose the optimal solutions fty=8.75 ps and for
than single vibrational periods, and excite a large number ofo=9-61 ps to demonstrate how the separation process
nonequidistant vibrational levels. As a result, the revivalVorks in this case. Figures® and @c) show the calculated
events are even shorter than a vibrational period, and diffe/2Ptimal fields, which look like a pair of two separate laser

ent pulse shapes are needed to localize the specific isotogdl!Ses: Figures(®) and &d) display the change of the popu-
wave packet at the left edge of the potential. lation in the intermediate potential during the interaction

with the laser field. As before, the first laser pulse excites
virtually identical wave packets of both isotopes, but, under
the action of the second pulse of the pair, the population of
It came out of our study that spatial separation betweemne of the isotopes decreases while the population of the
wave packets belonging to different isotopes is not the onlyother increases. This means that there is a considerable en-
mechanism to achieve isotope separation. Another way afichment of excited molecules by one of the isotopes imme-
reaching isotopically selective ionization is to suppress theliately after the excitation stage. The two optimal fields dis-
population of one of the isotopes already during the excitaplayed in Figs. 6a) and c) have a similar structure, except
tion pulse. This mechanism appears in our optimizatiorfor the fact that the two pulses appear in reverse order.
scheme when the interaction window 2s longer than one The basis of this enrichment mechanism is the quantum
vibrational period. interference phenomenon. Since the chosen interaction time
In Fig. 3(b), the interaction window is chosen to b& 2 s longer than one vibrational period, the wave packets return
=1.37 ps, which is approximately one-and-a-quarter of ao the interaction regiotleft turning poin} when the laser
vibrational period for levels lying in the Franck-Condon ab-field is still on. This causes constructive or destructive inter-
sorption maximum. When compared with FigiaB some ference in the excitation process. Constructive interference
differences attract attention. First, neithef™)(t,,T) nor  occurs if the wave packets excited by the first and the second
A(7)(to, T) ever reach zero. This indicates that a part of thepulse, respectively, have the same overall quantum-
separation is already reached during the excitation procesmechanical phase while destructive interference happens
and it may be further improved at the ionization stage, dewhen they are out of phase. Our optimization procedure de-

B. Isotope separation through “pump and dump” mechanism
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FIG. 7. “Pump and dump” mechanism for a laser pulse with Yy I /;
restricted bandwidth(a) shows the intensity of the optimal field o 5 /,f' 4 }(z
(arbitrary unit$ for the interaction time 2=0.5 ps.(b) displays A,..{i e
the excited populatior(arbitrary unitg during the excitation for 0| o N 0
both isotopes. Inc) and (d), the interaction time is P=1.1 ps. 15 20 . 25~ 15 20 25
Again, the solid and dashed lines correspond to the isotéirs vibrational number

81 :
and *Br,, respectively. FIG. 9. Isotope separation and fractional revivals: Pulse inten-

) o o sity, |£(t)|?, populationnl'I(t) during the excitation, and energy
fined a pulse sequence providing constructive interferencisripution |clil|? after the excitation, all displayed in arbitrary

for one of the isotopes and, at the same time, destructivgnits, for the interaction timest,=96.26 ps (@ and t,
interference for the other isotopic component. The second 101.09 ps(b). The interaction window is 2=0.26 ps.

stage of the separation process is the ionization of the en-

riched isotope. As described in Sec. Il A, the most efficient“pump and dump” mechanism is based on interference of
ionization can be achieved if the ionizing pulse is appliedtransition amplitudes between different electronic states and,
during a revival event of the wave pacKsee Fig. 8)]. therefore, depends on the absolute position of the vibrational

Let us indicate the different origin of isotope separation inenergy levels. For highly excited vibrational states, there is a
the “pump and dump” mechanism and in the mechanism ofconsiderable shift between energy levels in different isotopes
spatial separation of wave packets described in the precedinggspite the close values of their vibrational frequencies.
section. Spatial separation depends on the difference in thEherefore, isotope enrichment in the “pump and dump”
vibrational periods, that is, on the difference in $@acing scheme occurs already after one vibrational period while
between subsequent energy levels in different isotopes. Thseparation of the wave packets takes much longer.

As in the previous case, our optimization procedure pro-
vides us with the best realization of the above described
“pump and dump” scenario. It can be seen in Figa)gthat
the two pulses have very different shapes. The first, short,
pulse excites wave packets containing a large number of
nonequidistant vibrational levels. After a vibrational period,
these wave packets are already dispersed, and a pulse of a
different shape is needed to achieve the required interfer-
ence.
08| In order to investigate the “pump and dump” scheme for

“longer living” wave packets, we reduce the wave-packet
(.7 > (b) spreading by restricting the spectral width of the excitation
94 96 98 100 102 104 106 field. In Fig. 7, the maximal excitation energy is chosen to be
approximaterEL']ZZS. In Fig. 7@ and Fig. 7b), the interac-
ionization time (ps) tion Windovy is 2= 0255 ps. Thisis again _one-and-a-qua_rter
of a vibrational period for levels lying in the absorption
FIG. 8. The yield of separation per unit pulse energy, Maximum of the(now restrictedl excitation spectrum. Here,
A)(to,T) (arbitrary unitg, as a function of the ionization timg.  the two pulses of the “pump and dump” scheme can be seen
The bandwidth of the laser pulse is restricted, so that only levelsnore clearly.
with n<25 can be populated. The interaction window i§ 2 The isotopic enrichment of excited molecules can be even
=0.26 ps. increased by further enlarging the interaction time. As an

0

+)
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FIG. 11. Intensity of the excitation field£(t)|?, population
nll(t) during the excitation, and energy distributifm}!|? after the
excitation, forty=96.05 ps(a) andt,=100.86 ps(b). The inter-
FIG. 10. Probability density of wave packets excited by theaction window is Z=0.7 ps.

pulse sequence shown in Figa® In (a), the probability density is . .
plotted fort=0.29 ps(half a vibrational period after the excitatipn duarter revival of the wave packes). The details of the

and in (b) for t=t,=96.27 ps. The solid and dashed lines corre-f€spective excitation processes are shown in Fg! and
spond to the isotope&Br, and 81Br,, respectively. Fig. 9b). If the ionization time corresponds to a half-revival

event(b), the optimal field contains a single short pulse, and
example, the optimal excitation process for an interactiorf"® Separation oceurs due to the_spatlal separation O.f the
window of 2T=1.1 ps is shown in Fig.(€) and Fig. 7d) wave packets, as it was described in Sec. lll A. If the ioniza-
Here, the interaction window is open for two-and-a-half vi- ion time is close to one-quarter revival tint@, the optimal

brational periods, and hence a sequence of three pulsé‘gld consists of a sequence of two pulses. The excitation

causes constructive or destructive interaction between thrdd 9SS 1S, [r?]evertheless, not isotopically selective: the total
wave packets populationnt'(t) after the excitation is the same for both

isotopes. While the energy distributidn,|? is smooth for
the one-pulse excitation, it is oscillating in the two-pulse
case: every second energy level is less populated.

Until now we have focused the discussion on the cases in The two pulses, shifted approximately by one-half of a
which the optimal ionization time, corresponded to half or vibrational period, excite two separate wave packets in each
full revival times of the excited wave packet. However, theof the isotopegsee Fig. 1(a)]. The spectral composition of
optimal separation may also occur at ionization times thathese wave packets is such that they forsirale localized
correspond to fractional revivals of the wave packet, whichwave packet after a quarter of the revival tifeee Fig.
means, at times, when the wave packet is split into (o  10(b)]. Immediately after the excitation, the wave packets of
more) partial wave packets. To illustrate this point, we refer different isotopes overlap, but due to the differences in their
to Fig. 8, which displays\(*)(t,,T) as a function of the free evolution, the final wave packets are spatially separated
ionization timety. In this case, we restricted the spectrum ofat the ionization timé=t,. It is interesting to note that here
the laser field so that only levels with<25 can be excited. our optimization procedure “rediscovered” the idea of using
The interaction window is chosen to b&2 0.26 ps, which  fractional revivals for merging several wave packets in a
corresponds to 0.6 of a vibrational period for levels lying insingle one at the target time. This approach was realized
the absorption maximum region. Note that due to the restricexperimentally in Rydberg atom$5] and discussed as a
tion of the excitation bandwidth, the spreading of the wavegeneral control technique in Rg86].
packets is reduced, and the revival event lasts for several A similar separation mechanism can be observed for a
vibrational periods. Pronounced minima ®f")(t,,T) are  longer interaction window. Figures (& and 11b) show the
found not only in the vicinity of a far-lyinghalf) revival  optimal excitation procedure for the interaction window of
event(b), but also at times corresponding to a neighboring2T=0.7 ps, which corresponds to 1.6 vibrational periods for

oL/ WAL 2V
4 5 6 7 8
internuclear distance (a. u.)

C. Isotope separation and fractional revivals
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levels lying in the absorption maximum. Again, we find op- The second*“pump and dump” mechanisinmakes use of
timal solutions near the half-revival evefffig. 11(b)] as  quantum interference produced by several laser pulses acting
well as near one-quarter revivfFig. 11(a)]. Figure 11b) on the same electronic transition. Wave-packet isotope sepa-
displays the optimal field and the time evolution of the totalration is closely related to the phenomenon of reviv&d
excited population. The latter is characteristic for the “pumpand fractional, which provides the means for suppression of
and dump” mechanism we described in Sec. IlI B. In Fig.unwanted dispersion of quantum wave packets. We discov-
11(a), the optimal field contains a sequence of four pulsesred various modifications of the above two basic scenarios,
instead of two. They are needed to provide interference corwhich depend on the specific kind of fractional revival in-

trol over a two-component wave packet. volved in separation. In this work, we dealt only with weak
laser fields. A further extension would be a nonlinear optimal
IV. SUMMARY control method for strong fields, which would allow us to

) ) separate a considerable amount of isotopic species.
In this paper, we have demonstrated how optimal control

theory can be used to explore the concept of wave-packet
laser isotope separation. We developed a linear optimal con-
trol procedure for selective two-photon ionization of isotopic
mixtures of diatomic molecules. Then we applied it to, Br  We would like to acknowledge support from the Minerva
molecules that were already used in first wave-packet isotopeoundation, the U.S.—Israel Binational Science Foundation,
separation experimenf44]. Two main separation scenarios the Israel Ministry of Absorption(Center for Absorption
were identified. The first is based on the spatial separation aff Scientisty, and the Fritz Haber Center for Physical
vibrational wave packets due to the isotopic mass differenceChemistry.
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