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Wave-packet isotope separation using phase-locked pulses
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We introduce a general wave-packet isotope-separation scheme exploiting the optical Ramsey method.
Optically excited molecular wave packets in different isotopes develop a well-defined phase difference after
just a few vibrational periods. Phase-locked pairs of optical pulses are able to selectively pump one isotope
back down to the ground state and enhance the excited-state population of the other isotope. The method is
illustrated by simulating wave-packet isotope separation of a mixtufégef, 8Br,, and "°Br®'Br. We also
exploit phase-locked pairs of optical pulses to reduce the time required for the spatial separation of wave
packets.

DOI: 10.1103/PhysRevA.65.032504 PACS nuniber32.10.Bi

[. INTRODUCTION ditions are satisfied is around 32 ps. In Fige)we present a
schematic of the excitation scheme and in Figp) & calcu-

A significant amount of research is currently aimed atlated recurrence spectrum illustrating the 4th revival around
studying the time-dependent behavior of wave packets witf32 ps where efficient isotope enrichment is possible. This
the goal of customizing them to control atoms and mol-region of the spectrum is expanded in Figc)1
ecules. Several control schemes exist that use light to drive In this paper we employ a coherent control approach to
atoms or molecules along predetermined pathways, all dfotope separation, which exploits the phase differences be-
which exploit the coherence of laser light to manipulate thefween wave packets in different isotopes rather than just their
quantum-mechanical phase relationships between the variol@ng-time spatial separation. One advantage of this approach
eigenstates of the system. The wave-packet approach to ctg-that it allows the isotopes to be separated at much shorter
herent control was first introduced by Tannor and Ritp time scales. The idea came from the phase-sensitive or
and emp|oys sequences of ultrashort |ight pu|ses whose frephase-modulated detection technique, which was initially de-
quencies, amplitudes, and phases are tailored to steer thgloped for monitoring vibrational wave-packet dynamics
wave packet into a predetermined state at a later time. In thig3], and subsequently applied widely to electronic wave-
paper we demonstrate how multiple wave-packet excitatiofpacket detectiofd]. It relies on the interference of a pair of
can be exp|oited to separate mixtures of isotopes on timéjentical phase—locked wave packets in the weak-field limit.
scales of just a few vibrational periods. Briefly, exciting a superposition of vibrational states from the

Conventional methods of isotope separation exploit thejround state creates a pump wave packet, which evolves in
tiny differences in isotopic mass and involve centrifugationthe excited-state potential. When the pump wave packet re-
and gaseous diffusiofi2]. Their main attraction is their turns to its initial coordinates a probe wave packet is created.
large-scale capability but the drawback is that enrichmenBY varying the phase difference between the two wave pack-
rates are very slow. An alternative approach is laser isotope
separation, which is critically dependent on the tiny spectro-
scopic shifts of the isotopes and involves using tuneable nar-
row bandwidth lasers to selectively excite one specific iso-
tope [3,4]. Recently, Averbukh et al. prqposed and | B3,
demonstrated laser isotope separation using wave-packet
technology[5]. In their method, molecular wave-packets of
different isotopes become spatially separated during the
course of their long-time evolution due to the isotope depen-
dence of the vibrational frequencies and anharmonicities.
The principle is illustrated by considering a 1:1 mixture of
"Br,:81Br, [5]. A bandwidth limited 60-fs pulse excites
ground-state molecules to thH# state of By with average \/
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vibrational quantum number’ =15. Wave packets with’
=15 have vibrational periods,q=303 and 75;=310 fs.
These differences are imperceptible at short times, but even-

tually the wave packets in each isotope will become spatially ri. 1. (a) An outline of the excitation scheme employed in the
separated. Owing to the anharmonicity of the molecular pogy, jsotope separation methods described in this paper and also in
tentials the wave packets disperse, break up into smaller sukke work of Averbukhet al. [5] and Leibscher and Averbuke]. A
wave-packets called partial revivals, and eventually reform agajculation illustrating the dispersion and revival structure of a vi-
so-called revivalg6,7]. For efficient isotope enrichment the prational wave packet with’ = 15 in theB state of By (b) together
wave packets must be out of phase by 18088 well local-  with a close up of the region around 32 ps where the wave packets
ized. In the By example, the first time that both these con-in the "®Br, and®!Br, isotopes are spatially separaféd (c).
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ets it is possible to maximize the excited-state population of
one isotope whilst minimizing that of the other. Leibscher
and Averbukh recently observed quantum interference effects
between wave-packets created in the same molecular poten-
tial in an optimal control scenario also aimed at isotope sepa-
ration [10]. In their work they employed a linear optimiza-
tion procedure to generate laser fields that result in a
maximum difference between the ionization probabilities of
two isotopes at a fixed time interval. When the interaction
time of their laser pulse was longer than one vibrational pe-
riod, the optimal field looked like a pair of two separate laser
pulses with different shapes. The basic principle underlying
our approach and the optimal control method of Leibscher v
and Averbukh is the same—quantum interference. However, \ ;
our approach is more intuitive as it employs phase-locked \
pulse sequences rather than feedback-optimized exotic field 5 0 Sn
shapes. ¢ (radians)

Let us give a physical picture of isotope separation using
phase-locked pulse sequences. The time taken for a vibra- FIG. 2. Excited-state populations of tf&8r, (solid lineg and
tional wave packet to move from one side of the well to the®Br, (dashed linesas a function of the phase difference between
other and back again depends on the average frequenty the excitation pulses. Ifa) the probe wave packet is created after
the states supported by the potential and may be written &&®'T, maximizing the population of thé'Br, isotope whene
To=2mlw. The molecular-mass dependence of this vibra-=n@ with n zero or even, and maximizing the population of the
tion period ensures that it takes a little longer for the heavier Br2 isotope wheng=n with n odd. In (b) the probe wave-
isotope to complete a full vibration. For a typical molecule, Packetis created after 2T, , shifting the population maxima by.
this time difference is just a few femtoseconds and only leads
to spatial separation after numerous vibratigRigy. 1). For ~ At. This second wave packet is the probe wave packet that
optical excitation, this time difference can be interpreted indrives the separation and is phase locked to the initial wave
terms of an optical phase of the excitation pulse. The opticapacket through a phasg We can conveniently monitor the
phase can be exploited by exciting the isotopes at carefullgvolution and probability density of this quantum state by
chosen wavelengths so that the optical phase of the waveeasuring the autocorrelation of the wave packet
packets in each isotope are an odd multiplerpfind, there- (W (0)|¥(t)). Molecular bromine is excited from its ground
fore, out of phase, after an integral number of vibrations. Astatev”=0 to a small number of vibrational states in the
second identical, phase-locked laser pulse will then enhand® state using optical pulses of around 540 nm. Accurate po-
or deexcite the population in the excited state depending otentials were calculated using Leroy’'s program employing
the optical phase difference between the two pulses. Sindse RKR method11] from accurate spectroscopic constants
the two isotopes are out of phase at the time the probe wavier the individual isotopes in the mixtufd2]. These poten-
packet is launched, enhancing one isotope will inevitablytials were then used to calculate vibrational energies and
pump the other isotope back to the ground state. Once sepwave functions by numerically integrating the Sdinger
ration is achieved in this manner, the desired isotope may bequation using the Numerov-Cooley methidd] with the
extracted by ionization with a third photon from this state. program of LeRoy14].
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Il THEORY Ill. RESULTS AND DISCUSSION

We illustrate the use of the above method by first simu-
lating wave-packet isotope separation of a 1:1 mixture of
Br, and 8'Br, molecules and then a mixture of all three P
isotopes. A molecular isotope mixture is subjected to a pai
of identical laser pulses with spectral profflew) and forms
a superposition state written as

Unfortunately, an optical phase af between the wave
ackets in the different isotopes cannot be achieved after just
ne vibrational period of the wave packet for excitation to
he B state, but it is possible after two oscillations. An 80-fs
transform-limited Gaussian pulse excites a wave packet cen-
tered aroundv’=21.5. The vibrational period’, of this
wave packet is approximately 400 fs. At this energy, the

V()= f(o)(j|uli){exd —iwt) difference in the vibrational period for the two isotopes is
J around 4 fs, corresponding torf2 at this particular wave-
+exd —iw(t+At+ @)1}, (1) length. After two oscillations, at a time=2T,+ ¢, the wave

packets in each isotope will be out of phase with one another
whereli) is the initial state andij) are the excited states. The and the probe wave packet is launched. Figure 2 illustrates
first exponential term in curly brackets defines the temporathe effect of varying the phasg, on the population of each
evolution of the first wave packet. The second exponentiaisotope in the excited electronic state of the separation. When
term represents a second wave packet excited after a tintbe probe wave packet is launched at twice the period of the
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FIG. 3. The population of the mixed isotope as a fraction of the
total excited-state population of all three isotopes, following exci-
tation by a pair of pulses separated by°#T,+ ¢.

81Br, isotope 28T, [Fig. 2a)], for ¢=0, the population of
the 81Br, isotope is at a maximum whereas the population of
the "Br, isotope is zero. This is expected as the wave packet
in the "°Br, isotope is exactly out of phase with that in the
81Br, isotope. As the phase is scanned, $gr, population

is @ maximum whenevep=ns andn is even whereas the
®Br, population is a maximum wheneveér=ns andn is o ) ) ] ]
odd. Similarly, when the probe wave packet is launched at. FIG. 4. (.'?1) A calc%atlon |Ilgstrat|nglthe dlspersu_)n and first re-
2 79Tu [Fig. 2b)], the population of the7gBr2 isotope is vival of a mixture of “Br, (solid) and ®'Br, (dashel isotopes fol-

maximum até=na whenn is zero or even and the popula- Iowmg_excr[atlon arou_nd; =29 with a 125-fs bandw_ldth Ilmlteq
. 81, . ) . — Gaussian pulse. At this energy the two isotopes will be spatially
tion of the the®*Br, isotope is maximum a$=ns whenn

. . SR . separated at the 3rd full revivalb) A calculation illustrating the
is odd. The efficiency of separation is limited by the dISper'shift of the revival structure following excitation by a pair of phase-

sion of the wave pac,ket' _By ensuring the}t.only a small NUMyocked pulses separated by TI,5 7/2. The inset is a cartoon to
ber of states are eXC'te‘?' in the superposition so that the |O.Cﬁ'ustrate how the little wave packets interfere at the 2nd-order par-
energy spacing approximates better to a harmonic potentiagfg revival. The upper picture shows the first wave packet split into
spreading of the wave packet is minimized and the waveyo components, one at each end of the internuclear coordinate.
packets more or less retain their original shape during thehese “little” wave packets have a phase differenceri# between
first few vibrations. The efficiency of the separation illus- them[6]. The lower picture shows the second wave packet which
trated in our calculations is virtually unity. There will of has evolved an additional /2 (having the effect of flipping the two
course be some molecular systems for which separation wiphases roundand has an additional phase@®. The result is that
be possible after just one vibrational period making the techthe “little” wave packets at the inner turning point interfere destruc-
nigue more efficient. tively while those at the outer turning point interfere constructively,
More realistically, molecular bromine exists as a mixtureturning the partial revival pattern into a full revival pattern.
of the three isotope$®Br,, "Br&Br and 8Br, in a 1:2:1
ratio. The cross isotope may be separated from the other twiois worth pointing out that phase-locked pairs of pulses can
in a similar fashion. As the reduced mass of this isotope liesilso be exploited to improve the time scale of spatial sepa-
approximately in the middle of the reduced masseé™®f,  ration. Let us give a physical picture of such a scheme. If we
and®'Br,, after one vibration the optical phase relationshipexcite pairs of phase-locked wave packets at odd half-
between a wave packet in the cross isotope and wave packdtgegral values of the vibrational period, the second wave
in the other two is~ = 7/4. At the fourth return of the three packet will be created when the first wave packet is at the
wave packets to the Frank-Condon regié?Br, and8Br,  outer turning point. Interference between the two wave pack-
will be in phase with one another but the wave packet in theets is not possible since they do not overlap spatially. The
*Br 81Br isotope will be out of phase with the other two. pair of wave packets will evolve independently until they are
Despite increased dispersion after four vibrations with ardelocalized across the vibrational coordinate. The delocal-
80-fs pulse, thé®Br 8Br isotope may still be separated with ized wave packets are able to interfere and the resulting in-
a very high efficiency as shown in Fig. 3. The population ofterference pattern is controlled by the phase difference intro-
the mixed isotope is plotted as a fraction of the total excitedduced att=0. Around the time of the second-order partial
state population of all three isotopes, following excitation byrevival, each wave packet has split into a pair of partially
a pair of pulses separated by %8t + ¢. The population of revived “little” wave packets, which are themselves sepa-
the 7°Br ®'Br isotope is maximized and the populations of rated by half a vibrational period. The phase difference be-
the 81Br, and "*Br, iotopes are minimized whepp=n= with  tween each of the “little” wave packets is/2 [6]. The origi-
n zero or even. nal wave packets were separated by half a vibrational period
Continuing with the theme of phase-locked pairs of pulsesind so the phases of the “little” wave packets originating

032504-3



J. R. R. VERLET, V. G. STAVROS, AND H. H. FIELDING PHYSICAL REVIEW &5 032504

from one excitation pulse will be reversed with respect totion has some advantages over others. First of all, the wave
those originating from the other. If, for example, the phasepackets need not be separated spatially at either end of the
difference between the initial wave packetsHs/2 or —7/2,  potential. Instead, separation occurs after just one or two
the “little” wave packets located at the inner turning point vibrations, i.e.<1 ps. Second, as this is an interference tech-
will have a phase difference of either(destructive interfer- nique, it is possible to achievempleteisotopic separation
ence or 0 (constructive interferengeand those at the outer which is in contrast with the spatial separation technique in
turning point will have a phase difference of 0 eor, which the bandwidth associated with the wave packet pre-
respectively—the net result issinglewave packet localized vents the two isotopes being entirely separate since their
at either the outer or inner turning point. Thus, instead ofwave-packets overlap at the edges. Third, because the sepa-
seeing peaks in the recurrence spectrum at twice the vibraation is induced after only a few periods, the method is also
tion frequency(a second-order partial reviygbeaks are ob- applicable to a large number of polyatomic molecules, whose
served at the vibration frequenca full revival). In fact, the  decay routes are much more rapid. One limitation of the
whole pattern of partial and full revivals is shifted by half a method is that one must choose a system in which it is pos-
revival. Exploiting this shift in the interference pattern al- sible to excite with a wavelength where there isrgphase
lows us to reduce the time required to separate isotopes spdHference between the wave packets in the two isotopes after
tially. just a few vibrational periods. The fewer vibrational periods

The technique is illustrated in Fig. 4. Excitation aroundone has to wait the less dispersion and the better the isotope
v’ =29 with a 125-fs bandwidth-limited Gaussian pulse, gen-separation. One obvious disadvantage of the method is that it
erates a vibrational wave packet with an approximate vibrarelies on working in the weak-field limit, although Chen and
tional period of T, =600 fs. Around the time of the first full Yeazell have suggested that interference techniques can be
revival (9 p9 it is barely possible to separate the two iso-employed in strongly driven electron wave-packet systems
topes[Fig. 4(@)] and in fact it would be necessary to wait [15]. We have also illustrated that it is possible to improve
until the 3rd revival to observe complete spatial separationthe time scale of isotope separation based on spatially sepa-
However, excitation by a pair of phase-locked pulses sepaated wave packets, by exploiting phase-locked pairs of
rated by 1.5°T,+ 7/2 shifts the pattern of revivals and par- pulses instead of a single short laser pulse. It is worth noting
tial revivals so that the isotopes are more or less spatiallyhat Leibscher and Averbukh have illustrated that pulse-
separated after approximately 4 ps as illustrated in Rigl. 4 shaping techniques exploiting the interference and spatial
Unfortunately complete spatial separation is not quiteseparation of wave packets can also be employed to separate
achieved because the two isotopes are already slightly sepisotopes[10]; however, we believe that our approach of
rated at the first revival. This cannot be compensated for byphase-locked optical pulses is more intuitive and that it is
changing the excitation energy because thphase differ- probably less experimentally challenging.
ence will be lost.
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