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We have demonstrated a novel beam splitter for atoms. The J= 1 to J=0 system in metastable heli-

um has two independent "dark" states which are radiatively stable. By preparing atoms in the two
"dark" states of the 2 Sl level and passing them through a sequence of partially overlapping laser beams
tuned to the 2 Sl-2 Po transition, we cause the atoms in one "dark" state to be deflected by integral
multiples of 2hk, while the atoms in the other "dark" state are undeflected. The excited 2 Po state is

not populated, so the process is unaff'ected by spontaneous emission. We have observed up to 90%
coherent momentum transfer with 46k deflection. We conclude by describing how one might construct
an atom interferometer based on these "dark state" beam splitters.

PACS numbers: 42.50.Vk, 07.60.Ly, 35.80.+s

Atom interferometers have been demonstrated in a
number of different labs [1]. Such interferometers may
oA'er dramatically enhanced sensitivity to measurements
of departures from inertial reference frames. For similar
geometries, the ratio of the gyroscopic sensitivity [21 of
an atom interferometer to a light interferometer is
=10' . However, the sensitivity is also proportional to
the enclosed area, and atom interferometers presently
have areas = 10 m because the beam splitters used in

these interferometers give very small momentum split-
tings. In this paper, we present a beam splitter which is

capable of deflection through a large angle, deflects atoms
into exactly two distinct momentum states, and is robust
with respect to experimental parameters.

The beam splitter uses laser induced adiabatic passage
to coherently transfer atoms to higher momentum states.
The use of temporally overlapping laser pulses to induce
adiabatic passage has been demonstrated previously [3].
Its capacity for momentum transfer was first noted by
Marte, Zoller, and Hall [4], who described an atomic
mirror based on the 2 SI-2 PI transition in metastable
helium. ln this paper, we demonstrate [5] a state-
selective atomic beam splitter using the 2 SI-2 Pp transi-
tion.

The relevant atomic levels and a schematic of our ex-
perimental setup are shown in Fig. 1. An atomic beam
propagating along x crosses a pair of counterpropagating,
circularly polarized laser beams. The laser beams are
spatially displaced along the atomic beam so that the
atom sees the field in a sequence of two overlapping
pulses. The direction of propagation of the first laser
beam defines our quantization axis z. The states are cou-
pled by the laser beams, whose electric fields

E ~

=ReE —(x)e' "'

E2 =ReE+(x)e'

E ( } E (z'+zP) /QIJ

are treated classically. The ellipticity of the light may be
described by 8=tan '(E+/E ), and smoothly rotates
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FIG. I. (a) States of interest coupled by absorption/emis-
sion. (b) Experimental schematic.

from 0 to tr/2 as the atom crosses the laser interaction re-

gion.
Here we treat the external as well as internal atomic

coordinates quantum mechanically. In the absence of
spontaneous emission, the set of states

[lg, —l,p —hk&, lg, O,p'&, lg, + l,p+ Qk&, le, O, p&j

is closed, where the quantum numbers refer to the elec-
tronic level, magnetic sublevel, and center-of-mass mo-
mentum along z, respectively. The internal and external
degrees of freedom are related by absorption and stimu-
lated emission processes. Diagonalization of the
interaction-picture Hamiltonian in this basis yields two
degenerate, orthogonal eigenfunctions with no component
of the excited state that is thus immune from spontaneous
decay ("dark" states). For zero detuning from atomic
resonance, they may be written as

leo&=lg o p'& (2)

i/a&
= cos(8)e ' 'lg, —l,p —hk&

+sin(8)e'~'lg, + I,p+ hk&, (3)
where &=kp/m is the Doppler shift arising from atomic
motion along i. lpo& is trivially decoupled from the fields

by selection rules. In the cases that the light is pure a—
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or o+, ~Pii) simplifies to the state e' ')g, —1,p —hk) or
e ' '(g, + I,p+hk), respectively. These states, too, are
decoupled from the field by selection rules.

The eigenfunctions ~pe) and (&0) behave differently un-
der transformations of the parameter 8. As the ellipticity
of the light rotates slowly from 0-0 to n/2, an atom ini-
tially in the state )g, —1, p —hk) will adiabatically stay
in the state (pe) and emerge in the state (g, + I,p+ hk),
where its center-of-mass momentum differs by 2hk. By
contrast, the state (pii) is invariant under transformations
of e, and so an atom prepared in )+) emerges in the same
state, undeflected. Thus, an atom initially prepared in a
superposition state ~i';) =a(g, —1,0)+b~g, 0,0) will

emerge in the state ~yI) ae '"~ '~ e'"(g, +1,2hk)
+b~g, 0,0), its wave function coherently split in momen-
tum space. Here the phase term in front of the deAected
component of the (Schrodinger picture) wave function
reAects the recoil kinetic energy and a constant term aris-
ing from the adiabatic passage. In principle, the process
can be repeated indefinitely, and after n cycles the final
state will be

(y ) ae '"" ' e'")g, —( —I)",2nhk)+b(g, 0,0).
The conditions under which the state ( ys) rotates adia-

batically have been studied by several authors [3,4,6]. A
sufficient condition for adiabatic following is [4]

n»I, O»I/r', n»a, (4)

~here 0 ~Eoe'd~/h is the maximum Rabi frequency
and r' is a characteristic time for the passage. We work
in He, for which the 2 Si-2 Po transition saturates at
0.5 mW/cm and has a linewidth I =10 s ', so these
parameters are very easy to satisfy experimentally. With
a typical beam waist of 2.5 mm, we can achieve a Rabi
frequency 0 up to 40I . In addition to analytic work, we
have done numerical simulations by integrating the Liou-
ville equation describing the evolution of the density ma-
trix for the four-level system with a damping term for
spontaneous decay. We assume the Rabi frequencies of
the beams are Gaussian pulses with half-width r and sep-
aration 2t. . Figure 2 shows representative curves, where
the pulse overlap is as shown in Fig. 2(a) (e =0.6r ). Fig-
ures 2(b) and 2(c) assume that the atom was initially
prepared in a symmetric coherent superposition of mJ—

1 and mJ 0, driven by laser fields with 0=10I.
The population transfer from mJ= —

1 to mJ=+1 is
complete, as is the transfer of the coherence between
m J = —

1 and mj 0 to mJ 0 and mj = + 1. Figure
2(d) compares the populations in state mJ =0 for the sit-
uation described above and a case where the laser power
has been reduced such that 0 =I. Here condition (4) is
violated. There is significant population of the excited
state, and 16% of the population initially in mj= —

1

spontaneously decays to the state mJ 0. Thus 48% of
the population initially in mj= —

1 is incoherently scat-
tered.

The experimental apparatus consists of a highly col-
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FIG. 2. (a) Electric fields vs time. The half-width of the
pulses is defined to be r. (b)-(d) Density matrix elements vs
time where a, b, c refer to the mJ —1,0, +1 ground state sub-
levels, respectively, and d refers to the excited state.

limated atomic beam, a laser interaction region, and a
high resolution detector. Metastable helium is created in

a strong, pulsed rf discharge and effuses out of a 5

pmx0. 5 mm slit. Measurements of deflection from radi-
ation pressure indicate 93% of the metastable atoms are
in the 2 S~ state; the remaining 7% in the 2'So state con-
stitute a small background on the undeAected atoms with

mj 0. Collimation is provided by a 15 pm slit 19 cm
downstream, resulting in a full-angular spread of 10
rad (2hk). Immediately after the collimating slit is the
laser interaction region. A double Mumetal shield and
two pairs of Helmholtz coils null the magnetic field
within this region to 2.5 mG along the laser beams and
less than 0.5 mG perpendicular to them. At the end of
a 168 cm free flight region is a Galileo Model 3018
position-sensitive detector. The detector is comprised of
a Chevron channel-plate assembly with 8 pm pores
separated by 10 pm center-to-center, a phosphor screen,
and a fiberoptic light coupler. The green blips of light re-
sulting (P20 phosphor, r 200 ps), visible to the naked
eye, are picked up by a Cohu Model 4110 digital charge-
coupled-device (CCD) camera and the resulting images
processed with an Epix 4Meg video board. The rf pulses
driving the helium discharge are synchronized to the
video signal and a 500 ps electronic shutter is used on the
camera in order to provide time-of-Aight velocity selec-
tion, giving v/b'v = 3. Images of 12800 pixels are ana-
lyzed to find the centroids of the blips of light and record
them continuously at 30 Hz. The data acquisition rate is
about 6 atoms/s, and complete data runs have over 3600
points. After acquiring a complete image, a histogram is

compiled to integrate over the vertical dimension.
The LNA laser used to drive the 2 S~-2 Po transition

represents some improvement over our earlier work [7].
With a nominal 3 W pump on the 514 nm line of an
argon-ion pump laser, the power output is 175 m% single
mode at 1.083 pm. The laser is locked to an external
super-Invar cavity which is in turn locked to a helium

discharge cell. The laser beam used for the experiment is

on resonance and has a linewidth of about 240 kHZ. The
laser output is passed through an acousto-optic modulator
(AOM) to prevent optical feedback, cleaned up with a
spatial filter, expanded, and collimated. The beam profile
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FIG. 3. (a) Optical setup for 46k deflection using circular
polarization. The indicates the helicity. (b) Setup for 6hk
deflection using linear polarization.

is Gaussian as measured with a CCD camera and has a
waist coo of 2.5 mm. Our scheme for acquiring 4hk of
transverse momentum is shown in Fig. 3(a). The polariz-
ing beam splitter and zero-order quarter wave plate are
used to define the polarizations. A double catseye setup
allows the beams to propagate parallel with easily con-
trolled overlap. The lenses and vacuum chamber win-
dows are antireflection (AR) coated, and the catseyes are
not significantly birefringent. Indeed, any deterioration
in polarization due to the first catseye and vacuum win-
dows is "cleaned up" by the polarizing cube, as is the
eA'ect of any birefringence arising from the second
catseye.

In our apparatus, we do not start with a coherent su-
perposition of the mJ= —

1 and mJ=0 sublevels. In-
stead, we optically pump the atoms into an incoherent
mixture of mJ 0 and mj= —

1 by means of &r light.
The two atomic beams emerging from our laser region
are thus not coherent. Nevertheless, we are able to study
the coherence of the adiabatic momentum transfer by ob-
servation of the final atomic momentum distribution. For
example, if the overlap between the o+ and o —beams is
too small, we anticipate an incoherent process in which
the (first) o beam has no effect on the atoms, and the
subsequent o+ beam optically pumps those atoms initial-
ly in mj= —

1 equally into the mJ 0 and mJ +1 sub-
levels. Each such process results in an average 2 hk
momentum transfer with considerable variance as it is
governed by spontaneous emission. Thus the momentum
acquired will be smaller than for the coherent process and
its distribution more diffuse. Furthermore, if the process
is repeated, the atoms will become pumped into the
my =0 sublevel and the momentum transfer will become
even smaller. By comparing the observed momentum
transfer to simulations, we can deduce the fraction of
atoms which are coherently deflected.

Figure 4(a) shows experimental results for the parame-
ters 0 3.9I and e/r 0.6. The spikes in the data are an
artifact of the detection whose root is believed to be in the
CCD camera. The theoretical curve assumes that 90% of
the atoms are deflected coherently and 10% scattered in-
coherently. The fraction of coherent deflection is the only
adjustable parameter in the theoretical curve.

The dependence of the momentum transfer on beam
overlap is shown in Fig. 5(c). For relatively large beam
overlaps (corresponding to values @&0.4r as defined in

FIG. 4. (a) 45k deflection using circular polarization. (b)
4hk deflection using linear polarization. The width of the de-
flected peaks is due to the longitudinal atomic velocity distribu-
tion. The dashed lines are theory.

Fig. 2), the distance over which the polarization of the
laser light rotates from rJ to &ry exceeds the beam
waists and the process fails due to the imperfections in

the beam quality and the proximity of the successive laser
interaction zones. As the overlap is reduced the fraction
of atoms coherently deflected is increased until eventually
the laser power is too small in the region of overlap and it
diminishes again. The fraction of coherent transfer that
we infer from the data is in reasonably good agreement
with analytic work that we have done.

The dependence of the momentum transfer process on
the laser power is next shown in Fig. 5(d). Here we ex-
pect that the process should be incoherent for laser
powers such that 0 ~ I, and become better and better as
the Rabi frequency is raised. These expectations are
indeed fulfilled for 0 & 4I, but as the laser power is in-

creased much past this point the coherence is destroyed.
We believe that this is a consequence of stray reflections
off AR coated surfaces. If so, avoiding normal incidence
on the vacuum windows to reduce the amount of scat-
tered light should allow deflections of more than Shk
with close to 100% coherent momentum transfer.

We also measured the angular dependence of our result

by incrementally sweeping the angle of the entire optical
arrangement. This has the effect of introducing an addi-
tional differential Doppler shift 5 (Fig. 1) which [Eq.
(4)] must be compensated by raising the laser power. In
our case the Doppler shift is about 1.05I /mrad. The an-

gle at which the laser was perpendicular to the atomic
beam was first determined by using 1D optical molasses
on the 2 S l -2 P2 transition. At a Rabi frequency of
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FIG. 5. (a) Undeflected beam (b) deflection by optical
pump. (c) Scan of beam overlap for fixed laser power 0 1.71.
(d) Scan of power for fixed beam overlap &. Q.6r
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FIG. 6. Possible realization of a dark-state interferometer for
He*. The laser beam at the far left is tuned to the 2 S|-2 P]
transition; all others are tuned to the 2351-2 Po transition. The
circles represent x-polarized Gaussian laser beams propagating
perpendicular to the page. The figures {0,+ 1] indicate the
magnetic sublevel.

0 =3.9t, we observed 90% coherent momentum transfer
at normal incidence, and over 70/o coherence over an an-
gular range of 0.38 mrad. We found as expected that the
loss of coherent transfer at the larger angles could be
compensated by raising the laser power. At an angle of
0.27 mrad, we were able to increase the coherent momen-
tum transfer from 40% to 70% by raising the laser power
from 3.9I to 6.2I, and at 0.4 mrad we increased it from
20% to 60% by raising the laser power from 3.9I to 9.1I .
Again, these results agree well with our analytic predic-
tions.

Finally, we varied the experimental arrangement to an
orthogonal linear rather than circular basis. Here the
"dark states" in which the atoms enter and exit the re-
gions of adiabatic passage are the symmetric and an-

tisymmetric linear combinations of the mJ= —
1 and

mJ =+ I sublevels, rather than eigenstates of J„and the
ellipticity parameter 8 is swept from —ir/4 to x/4 instead
of from 0 to ir/2. The process is still accompanied by an
absorption/stimulated emission cycle, and experimental
results are shown in Fig. 4(b), where they fit well to a
theoretical curve assuming an 80% coherent momentum
transfer. A schematic of the optics for a triple pass to
give 6A k deflection using linearly polarized light is shown

in Fig. 3(b). We observe a 6hk process using exactly this
scheme, although the experimental conditions were less

favorable and only about 60% of the momentum transfer
is coherent. We note that for linear polarization the
retroreflected laser beam is polarized orthogonally to the
outgoing one, so no AOM is required.

These ideas can be extended to flip the atomic state
from mJ ~ 1 to mj 0 and vice versa by the use of z-
polarized light. This would be of interest in making an

interferometer in a parallelogram arrangement so that
the accumulated phase shifts from the recoil mentioned
earlier would cancel. In order to rotate the population
out of the mj =0 sublevel into the mJ = 1 sublevel, for ex-
ample, one would use an initial o —beam, followed by a
partially overlapping x-polarized beam propagating in the

y direction. The atom would absorb a photon from the
z-polarized beam and reemit into the a beam, and the
population would be adiabatically transferred from mJ
=0 to mJ =1. Finally, we note that with the addition of
a second LNA laser tuned to the 2 Si-2 Pi transition,
one has all the elements necessary to realize a beam of
996

atoms in a coherent superposition of the mJ=O and
mj= —I states which could be used in a "dark-state"
atom interferometer. One possible realization of such an
interferometer in the parallelogram configuration is
shown in Fig. 6. First, the atomic beam would be optical-
ly pumped into the mj = —

1 state by means of a light
on the 2 S~-2 P~ transition, which has only a single dark
state. At this point, the atomic beam would pass through
a region of partially overlapping laser beams tuned to the
2 S~-2 Po transition in which the first beam would be z
polarized and the second "beam" would be comprised of
a+ and x-polarized beams of equal intensities:

E =R[E()'" ""+E ()'' '"] (5)

Thus, the atom would be adiabatically rotated into a
symmetric linear combination of the states mj = —

1 and

mJ 0. This state has the property that it is a dark state
for the field E„+,which means that E,+ could be used to
probe the atom after it emerged from the interferometer.
The beam splitters in the interferometer would maintain
the atoms in dark states for x and o+ light separately,
but a diA'erential phase shift occurring within the inter-
ferometer would rotate the atom out of the dark state for
E,+ and the resulting absorption would provide an easily
detected signal. An alternative, simpler approach to gen-
erating and detecting the coherence would be to optically
pump directly with a superposition of 0 —and x-polarized
beams tuned to the 2 Si-2 P~ transition. This same su-

perposition beam would be used for the detection as well.

Many variations are possible; the future of dark state in-

terferometry looks quite bright.
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