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Reflection of neutral atoms and molecules by a pulsed standing wave with a duration on the order
of nanoseconds is studied. It is shown that, with a suitable choice of the laser parameter values, each
period of the standing-wave pattern functions as an independent mirror, thus providing a novel way to
manipulate large samples of neutral gas-phase particles even with a single laser pulse. At moderate field
intensities, the pulsed standing-wave mirror would be directly applicable, e.g., for the manipulation of

buffer-gas cooled molecules.
PACS numbers: 32.80.Lg, 33.80.-h, 42.50.Vk

During the past few years, significant advances have
been made in the production and trapping of sow gas
phase molecules. Various species of ultracold alkali dimers
have been produced by photoassociation in magnetoopti-
cal traps and have been subsequently captured by dipole
forces [1-3]. Buffer-gas cooling followed by magnetic
trapping of paramagnetic molecules in the mK range has
been successfully implemented by Weinstein et al. [4].
Also, the use of time-varying electric fields to deceler-
ate a beam of metastable CO molecules has quite recently
been demonstrated [5]. The new methods for production
of slow molecules open up apossibility to extend the excit-
ing world of atom opticsto aso include molecular species.
It is evident that this extension will drastically widen the
horizon of the applications of matter-wave optics [6]. The
rich internal energy-level structure of molecules, however,
renders the conventional atom optical components based
on light forces inapplicable to the manipulation of even
the slowest molecules [7]. New approaches for the control
of molecules by light fields are then needed.

Recently, several theoretical suggestions concerning the
manipulation of molecules have appeared in the litera
ture, expressing the rapidly growing interest in the topic
[6,8—11]. Typicaly, the idea isto use pulsed lasers to in-
crease the interaction strength between the light field and
the particle. The strong electromagnetic fields attainable
with pulsed lasers make it possible to utilize dipole forces
to control the motion of the particles even in a far-off
resonant interaction. Atom optical components based on
pulsed laser fields will, therefore, not be sensitive to the
internal energy-level structure of the particles and, conse-
quently, will also alow manipulation of multilevel atoms
and molecules. To date, there exist a few experimental
realizations of molecular manipulation with pulsed laser
fields [12,13]. Although these examples are still quite
scarce, they have been able to demonstrate the great po-
tential of the concept in providing an aternative way to
realize components for atom and molecular optics.

In this paper, we study the use of a pulsed laser field
for the reflection of neutral atoms and molecules. Typi-
cally, atom mirrors make use of the dipole force exerted
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on the particles by inhomogeneously distributed optical
fields, which are tuned close to an atomic resonance fre-
guency. In the case of blue detuning, the dipole force will
repel the atoms away from the high field regions. Various
field configurations based on, e.g., the use of evanescent
waves have been applied to generate the repulsive poten-
tial for atomic species[14]. An efficient mirror for neutral
molecules is, however, much more difficult to devise. The
rich internal energy-level structure in molecules makes it
necessary to apply fields tuned sufficiently far below al
electronic resonances to generate the dipole force acting
on the particles. In this case of quasistatic fields, how-
ever, the force exerted on a ground state molecule will al-
ways be attractive, i.e., towards the high intensity regions
of the optical field. The conventional mirror geometries of
atom optics cannot, therefore, be used for the reflection of
ground state molecules [15]. A possible solution is to ex-
cite the molecules to Rydberg levels, which allows a re-
pulsive dipole force to be obtained [16].

In this Letter, we propose a novel scheme based on
a pulsed standing wave for realizing a simple reflector
for neutral atoms and molecules that is insensitive to
the internal state of the particle. We show that with a
proper choice of the field intensity and pulse duration
each period of the standing-wave pattern will function as
an independent mirror for particles with an initial kinetic
energy below the depth of the standing-wave potential.
Since the node separation in a standing wave considered
here is typically less than 1 um, the interaction region
may readily contain more than 10* such mirrors. Each of
them will provide the same dipole force to the particles
and act in concert to alow manipulation of alarge number
of neutral atoms or molecules simultaneously with asingle
laser pulse. It turns out that at moderate laser intensities
the pulsed standing-wave mirror (PSWM) could be used
to manipulate gas-phase molecules up to velocities of
several meters per second. This is enough, for example,
for the control of a large volume of buffer-gas cooled
molecules even with asingle laser pulse. Other interesting
applications could range from molecular interferometry to
trapping of slow molecules in gravitational cavities. For
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the case of atoms, the PSWM can be efficiently used to
reflect particles up to velocities of severa tens of meters
per second. This together with the increased interaction
volume would make it feasible to use the PSWM even for
reflection of atoms directly from athermal beam.

The geometry of the PSWM considered in this Letter is
shownin Fig. 1. The standing wave, with a cosine-squared
intensity distribution in the x direction, is formed in the
overlap region of two counterpropagating laser beams. The
period A of the standing-wave pattern depends both on the
wavelength A of the light field and on the angle 6 between
the beams according to the relation A = A/[2sin(6/2)].
The transverse profile of the laser beams is assumed to be
square shaped with a time-dependent intensity. In the cal-
culations, we assume the laser pulses to be of nanosec-
ond duration and of moderate intensity (severa tens of
GW/cm?). At the turn-on time of the laser pulse, the
particles move with aninitia velocity of v; inthe direction
of the normal to the wave fronts. For nonresonant light, the
effects of the standing wave on the center-of-mass motion
of the particles can be modeled by a position-dependent
effective potential

Ux,t) = Uy(t) cos*(kpx), (1)

where ko = w/A. For linear molecules the depth
of the effective potential can be approximated as
Uo(t) = —a)E}(r)/4, where o is the static polarizability
of the molecule in the direction of the molecular axis
and Ey(z) is the electric field amplitude of the standing
wave. This form of effective potential results when
retaining the leading term in the power expansion of the
eigenenergies of the pendular states and neglecting the
contribution that is linear to the electric field [8]. This
is a good approximation at low rotational temperatures
provided that «Eo/(4/B.Aa) > 1, where A« is the
polarizability anisotropy [6]. Since the rotational constant
B, is inversely proportiona to the reduced mass, this
condition is more easily fulfilled for heavy molecules.
Obviously, the approximation breaks near the node points
of the standing wave. This can, however, be neglected in
the calculations, since the characteristics of the PSWM are
determined by the high field regions. The center-of-mass
motion of the particles can now be determined by solving

I(x,t) = Io(t)cosz(kAx)

laserl laser2

FIG. 1. The geometry of the pulsed standing-wave mirror used
in the present study.

the Schrédinger equation with the potential of EqQ. (1)
describing the effects of the standing wave.

The pulsed laser fields considered here are strong
enough to transfer a momentum to the molecules several
orders of magnitude larger than the recoil momentum 7k .
The effects of the PSWM on the center-of-mass motion
of the particles can, therefore, be determined in the
quasiclassical approximation. The Schrédinger equation
will then reduce to the classical equations of motion
with the gradient of the effective potential representing
the light forces. The fina momentum distribution can
be calculated by using these equations to propagate the
molecules during the interaction time T. We assume that
the initial state is evenly distributed in the position space.
This alows us to limit the calculations to a single period
of the effective potential. The population of a particular
final momentum state is determined by counting the total
number of molecules with a momentum corresponding to
that state at the end of the laser pulse.

In the following, we consider the center-of-mass
motion of Rb, molecules (aj = 135 A3, Aa =70 A3
[17], B, = 0.023 cm™! [18]) in a monochromatic pulsed
standing wave with a duration of 10 ns. For this molecule
a|Ey/(4/B,Aa) = 20 dready at the moderate laser
intensity of 13 GW/cm? and, therefore, the effective
potential given by Eq. (1) can be used to describe the
effects of the standing wave. For the sake of clarity, we
start by calculating the momentum distributions assuming
a laser pulse with a fast turn-on and -off, i.e., Iy(r) = I
when 0 =t = T and Iy(r) = 0 otherwise. In Fig. 2 we
show the final momentum distribution of the molecules as
afunction of the initial momentum for a few values of the
laser intensity. At low intensities, the standing wave does
not significantly change the center-of-mass motion of the
molecules and the final momentum distribution resembles
the double-peaked Bessel function distribution, but with a
shifted symmetry position [see Fig. 2(a)] [19,20]. When
the intensity is increased [Figs. 2(b)—2(d)], the effects
of the standing wave will become more pronounced. At
sufficiently high intensities the molecules will go into
oscillatory motion within one period of the effective
potential. In this case, the shape of the final momentum
distribution will become strongly dependent on the ratio
of the oscillation period T, to the interaction time. The
most interesting results are obtained, when the oscillation
period is

1
Tosc=T/<n_5>, n=12,.... (2)

For a purely harmonic potential the molecules would then
end up in afinal momentum state p, = — p; regardless of
their initial momentum and x-coordinate value. With this
choice of T the harmonic potential then acts asan elastic
reflector for the molecules. The effective potential formed
by astanding wave is nearly harmonic in the region around
the antinodes. This alows each period of the standing-
wave pattern to be utilized as a molecular reflector [21].
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FIG. 2. Gray-scae plots of the final momentum distribution of Rb, molecules as a function of the initial momentum. The distribu-
tions are calculated using laser pulses with a fast turn on and a duration of 10 ns. The initial molecular distribution is chosen to be
evenly distributed over the interaction region. In (a) thefield intensity isIy = 6 GW/cm? (To. = 31 ns), in(b) Iy = 14.5 GW/cm?
(Tose =20 n8), in (C) Iy = 35 GW/cm? (Toe = 13 ng), and in (d) Iy = 127 GW/cm? (Tose = 6.7 NS). An angle of § = 180° and
wavelength of A = 1064 nm were used in all cases. Notice the dark linein (b) and (d) at —45°, indicating a strong elastic reflection
for molecules with p; < 120007k, . The fraction of the nearly elastically reflected molecules is roughly 20% and 10% in (b) and
(d), respectively. Also, we note that for A = 10.6 um (CO, laser) and 100 ns pulse duration the first reflection optimum would be

reached at approximately 14 GW/cm?.

The frequency of oscillation of the molecules moving in
the potential wells is to first order

Wose = kAVmax (3)

where v« = /2Uy/m is the velocity corresponding to
the depth of the effective potential Uy. Thus, with a
suitable choice of the laser intensity the oscillation period
can be chosen to satisfy Eq. (2). For example, in Fig. 2(b)
we show the fina momentum distribution for T, = 2T.
Clearly, a significant fraction of the incoming molecules
intherange v;T < A/2 (in our case mv; < 12000/ik,)
are reflected nearly elastically by the effective potential.
The fraction of these moleculesis limited to roughly 20%
due to the anharmonic part of the effective potential. The
anharmonicity effects become more pronounced at higher
initial velocities, as can be seen from Fig. 2(b). Thisis
true also for higher intensities at which the molecules will
experience severa oscillations in the potential well during
the interaction time [see Fig. 2(d)].

In summary, to achieve maximum reflection efficiency
the first reflection optimum (n = 1) should be used. It
should aso be noted that for reflection of fast molecules
relatively intense laser fields are required. For example, for
v; = 500 m/stherequired laser intensity is approximately
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1 TW/cm?. Such intensities can be reached by focusing
a pulsed laser beam to a small spot. This will, however,
lead to a reduction of the interaction volume. In addition,
at high intensities the reflection efficiency will start to
decrease due to multiphoton ionization.

The width of the momentum distribution of the elasti-
cally reflected molecules, 6 p, depends on how well rela-
tion (2) is satisfied. In aredistic case, the laser intensity
varies from pulse to pulse or may have a nonuniform spa-
tial distribution. Consequently, the oscillation period will
fluctuate around the optimum value and thus the molecules
will spread into a narrow band around the final momen-
tum state p; = —p;. For example, assuming a *2%
fluctuation in the intensity, the average width of the dis-
tribution of the elastically reflected moleculesin Fig. 2(b)
would be 6 p = 200/ik,. Compared with the ability of the
PSWM to reflect molecules with initial momenta as high
as p; = 12000%k, this spread is, however, insignificant.

At large deviations of the oscillation period from the op-
timum values the molecules will spread to awider range of
momentum states, thus significantly diminishing the frac-
tion of the elastically reflected molecules [see Fig. 2(c)].
However, the occupation of the negative momentum states
can still be high as compared with the positive momentum
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FIG. 3. Gray-scale plot of the final momentum distribution of
Rb, molecules as a function of the initial momentum in the
case of alaser pulse with a Gaussian temporal profile. The e 2
width of the profileis 10 ns. Theinitial molecular distribution is
chosen to be evenly distributed over the interaction region. The
distribution correspondsto thefirst reflection optimum, i.e., to an
oscillation period of T, = 2T. The period of the standing-wave
pattern is A = 532 nm.

states. For such a nonoptimal choice of the oscillation
period, the PSWM can possibly be used to inelastically
reflect the incoming molecules and to modify their mo-
mentum distribution. For example, if the oscillation pe-
riod is chosen to satisfy Tose = 27 /(n — 1/2), the fina
momentum of the molecules will in the harmonic limit de-
pend only on their initial x-coordinate value. Therefore,
with such a choice of T, a flat momentum distribution
could be generated.

Finally, we show that the essential characteristics of
the PSWM are not significantly atered when using more
realistic laser pulses with a smooth temporal profile. For
such pulses, the oscillation period will not be constant
even in the case of a purely harmonic potential. In ad-
dition, the maximum momentum that can be transferred
to the molecules increases more slowly as a function of
the field intensity than is the case for the fast turn-on of
the field [22]. These effects can, however, be compen-
sated for by a suitable choice of the parameter values and
will not cause any significant degradation of the reflec-
tion properties of the PSWM. For example, in Fig. 3, we
show the final momentum distribution of the molecules
as a function of the initial momentum when a laser pulse
with a Gaussian temporal profile with an ¢ =2 width of
10 nsis applied. The distribution corresponds to the first
reflection optimum, i.e, n = 1 in Eq. (2). It is clearly
seen that the shape of the find momentum distribution
at the initial velocities of v;T < A/2 is similar to that
in Fig. 2(b). At higher initial velocities the shape of
the laser pulse will have a more significant effect on the
momentum distributions.

The results of our calculations show that the PSWM
could be used to efficiently manipulate large volumes of
slow molecules even with a single laser pulse. With a suit-
able choice of the field intensity and pulse duration, the
molecules can be reflected nearly elastically or with atai-

lored momentum distribution. This opens up a possibility
to use the PSWM to control the motion of particlesin vari-
ous applications of atom and molecular physics. It could be
applied, for example, to steer and image molecular beams,
separate molecular species, and to form pulsed molecular
beams[6]. Evidently, interest in such acomponent will in-
crease in the future concurrently with the growing interest
in molecular optics.
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