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Abstract

We propose a scheme for large angle two-dimensional atom interferometers employing two-photon pulses. The

interferometer scheme utilizes Raman pulses to produce a two-dimensional pattern with independent choice of grating

spacings in each direction, each being as small as 2 nm. This scheme may enable one to produce uniform arrays of

structures such as quantum dots with dimensions of only a few nm on each side. � 2002 Published by Elsevier Science

B.V.

PACS: 07.10.Yg; 03.75.Dg; 07.60.Ly; 42.50.Vk

In recent years, rapid progress has been made in
the area of atom interferometry. Sensitivity of the
modern atomic beam gyroscopes is exceeding that
of ring laser gyroscopes [1,2]. Atom interferome-
ters have been used to precisely measure the ratio
of Planck’s constant to atomic mass, acceleration
due to gravity, as well as the gradient thereof [3,4].
Rotation sensors based on atom interferometry
may enable measurement of general relativistic
Lens–Thirring rotation in the near future. For
nano-technology an atom interferometer with a
high coherence-length source of atoms, such as the
Bose-condensed atom laser [5], would enable the
creation of one- and two-dimensional structures
with feature sizes of less than 10 nm. For both

scientific and technological applications, the sen-
sitivity of an atom interferometer is proportional
to the area enclosed by the different paths, which
in turn is determined by the degree of splitting at
the input port. For the current schemes, the
achievable splitting is limited to a few photon re-
coils. To further increase sensitivity of an atom
interferometer, much larger splitting angle is re-
quired.

Several schemes of large angle atom cloud
splitters have been studied. The interaction of a
two level atom with a standing wave light field can
produce large splitting angles, but the atoms are
scattered into multiple orders [6] because of the
sinusoidal nature of the phase grating. The mag-
neto-optic beam-splitter [7–9] and variations
thereof [10–12] produce a triangular phase grating,
which represents an improvement over the pure
standing wave. However, the number of higher
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orders is still significant because of the sub-wave-
length extent of the triangular shapes. In addition,
all of these schemes involve an optical interaction
with the excited state of the atom and, therefore,
suffer from the decoherence effects. In order to
minimize these effects, the interaction time has to
be small compared to the natural lifetime. This in
turn limits the maximum coherent splitting to less
than 20 photon recoils due to constraints imposed
by high frequency modulators.

In this paper, we consider a beam splitter which
can achieve a splitting exceeding �100 photon re-
coils. Originally suggested independently by us [13]
andMcGuirk et al. [14], a version of this splitter has
recently been demonstrated experimentally [14].
Here, we show how this approach can be extended
to realize a high-sensitivity interferometer in two-
dimensions. The ability of the scheme to generate
real two-dimensional interference patternsmight be
used for lithographic applications such as produc-
tion of arrays of quantum dots. As an example, we
consider the 87Rb atom, released from an evapo-
ratively cooled magnetic trap (or a Bose conden-
sate) and falling under gravity. The relevant energy
levels are shown in Fig. 1. The atoms are assumed
to be in state jF ¼ 1,mf ¼ 1i at the onset. We excite
the Raman transition, coupling jF ¼ 1, mf ¼ 1i

(hereafter referred to as jai) to jF ¼ 2, mf ¼ 1i
(hereafter referred to as jci). The beams are detuned
strongly from the excited manifold of the D2 line,
but are two-photon-resonant, so that the process
can be thought of as a two-level transition between
the two magnetic sublevels. Here, the quantization
direction, z, is assumed to be normal to the direc-
tion of gravity, denoted as y.

We assume that right after the atoms are released
from their trap, they are in state ja; pz ¼ 0; px ¼
0i � ja; 0; 0i. We apply two right circularly (rþ)
polarized beams which are counter-propagating
along the z axis, with frequencies chosen so one
beam (hereafter called A) couples jai to the excited
state, while the other beam (hereafter called C)
couples jci to the same excited state. Both beams are
pulsed, with pulse timing chosen so that counter-
propagating pulses arrive at the atom simulta-
neously and leave the atom simultaneously. In our
scheme, the first pulse’s duration is chosen so that
the pulse is a p=2-pulse, with beamApropagating in
the �z direction and beam C propagating in the þz
direction, so that the effect is to place the atom in an
equal superposition of ja; 0; 0i and jc;�2�hk; 0i. This
is illustrated in Fig. 2 (solid line transitions). The
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Fig. 1. The relevant energy levels of 87Rb atoms (not to scale).

Transitions from the D2 manifolds are used. The presence of

two different types of Raman transitions in the D2 manifold,

excitable by optical beams propagating in orthogonal direction,

is a key element of this design. Note that because of the par-

ticular magnetic sublevels chosen as jai and jci, both rþ–r� as

well as p–p Raman transition exist for coupling these two

states. This, for example, is not the case if mf ¼ 0 levels were

chosen for both jai and jci, because of selection rules prohib-

iting Df ¼ 0, Dmf ¼ 0 transitions, and the constraint that

jDf j6 1.

Fig. 2. Schematic illustration of the first three pulses in the

Raman pulse beamsplitter. Explicit form of the initial super-

position state, after excitation with the p=2-pulse, is shown

along with the superposition states resulting after the first and

second p-pulses are applied. Solid lines denote transitions ex-

cited with the p=2-pulse, dashed lines denote the first p-pulse,
dotted lines denote the second p-pulse. Note that the p-pulses
excite two Raman transitions in parallel. Momentum selection

rules ensure that there is no mixing of these transitions. For

clarity, the energy shifts due to kinetic energy are omitted.
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second pulse pair has a longer duration, chosen so
that it acts as ap-pulse, and also has the directions of
beams A and C exchanged. This will cause a p-pulse
transition between states jai and jci, and the reversal
of the beam direction will transfer ja; 0; 0i to
jc;þ2�hk; 0i and jc;�2�hk; 0i to ja;�4�hk; 0i (dashed-
line transitions in Fig. 2). Note that the p-pulses
excite two Raman transitions in parallel, that mo-
mentum selection rules ensure that there is no mix-
ing of these transitions, and that the atoms are still
in an equal superposition of two states. The third
pulse pair has the same duration as the second (i.e.,
it excites a p-pulse transition), but the directions of
A and C are again exchanged. The state of the atom
after this second p-pulse will now be an equal
superposition of ja;þ4�hk; 0i and jc;�6�hk; 0i (dot-
ted-line transitions in Fig. 2). Each subsequent pair
of p-pulses again exchanges the directions of A and
C, driving the atomic superposition to larger
momentum splittings. After exposure to an even
number Nz of these alternating-direction pairs of
p-pulses, the atomswill be in an equal superposition
of states ja;þ2Nz�hk; 0i and jc;�ð2Nz þ 2Þ �hk; 0i.

For example, Nz ¼ 24 alternating-pulses will
put the atoms in a superposition of states ja;
þ48�hk; 0i and jc;�50�hk; 0i. The pz difference of
98�hk corresponds to a velocity of about 0.6 m/s,
and after 3.3 ms the atoms will separate into two
clouds with a spatial separation of 2 mm. We can
now reverse the motion of the clouds by reversing
the splitting scheme and then continue to exchange
pulse directions each time a p-pulse exchanges the
atomic states. Nz ¼ 24 of these reversed pulses
would bring the atoms back to the equal super-
position of ja; 0; 0i and jc;�2�hk; 0i, and a further
25 pulses (for a total of 49) would put the atoms in
a superposition of states jc;�50�hk; 0i and ja;
þ48�hk; 0i, moving the two halves of the cloud
back towards each other.

While the spatially separated components of the
superposition state are moving toward each other,
we can apply a pair of linearly p polarized beams,
co-propagating along the x direction, causing a
Raman transition between jai and jci (dotted-line
transitions in Fig. 1). The duration of this pulse pair
is chosen such that a p-pulse is induced on the two-
photon transition coupling jai and jci, and the lo-
cationof the beam is chosen so that it only affects the

component of the cloud that corresponds to the
state jc;�50�hk; 0i. The atom is now in an equal su-
perposition of the states ja;�50�hk; 0i and ja;þ48�hk;
0i, since the co-propagating fields give no net mo-
mentum transfer in thexdirection. If left alone these
components will come together in about 3.3 ms and
form fringes with a peak-to-peak spacing of about 8
nm. But before that happens we can split (and later
recombine) each component further along the x

axis. We will use a pair of linearly polarized beams
with frequencies A and C, counter-propagating in
the x direction. In a manner analogous to the z di-
rected splitting, we first apply a p=2-pulse, inter-
acting with both components of the split cloud,
which produces an equal superposition of four
states: fja;�50�hk; 0i; jc; �50�hk;�2�hkig separated
spatially in the z direction from fja; 48�hk; 0i; jc;
48�hk;�2�hkig. This is followed by a series of Nx di-
rection-alternating p-pulse pairs, producing a set of
four states. For even Nx, the states are

fja;�50�hk; 2Nxki; jc;�50�hk;�ð2Nx þ 2Þkig
and fja; 48�hk; 2Nxk >; jc; 48�hk;�ð2Nx þ 2Þ�hkig:
The two clouds in curly brackets are spatially
separate from each other in the z direction, while
inside each cloud two subclouds will now separate
out in the x direction, with a velocity of 1.2 m/s if
Nx ¼ 2Nz ¼ 48. Thus, after about 1.7 ms, the sep-
aration in the x direction will be about 2 mm in
each cloud. At this point, 2Nx þ 1 ¼ 97 p-pulses
will be applied in the x direction, with the pulse
directions chosen to reverse the momentum split-
ting in the x direction. This will produce an equal
superposition of the four states:

fja;�50�hk;�98�hki; jc;�50�hk; 96�hkig
and fja; 48�hk;�98�hki; jc; 48�hk; 96�hkig:
When these states merge their interference fringe
spacing would be on the order of a few nanome-
ters, which would be difficult to detect by optical
grating diffraction. To observe the interference and
optimize the amplitude in real time, we could scan
the phase of one of the laser pulses and detect the
atoms either in state jai or in state jci. The pop-
ulation in either state is a function of the optical
phase scan. Note that this phase-scan interference
pattern can be observed without resolving the
spatial interference pattern.

Y. Tan et al. / Optics Communications 206 (2002) 141–147 143



Finally, after optimizing the phase-scan inter-
ference pattern, a z directed pair of copropagating,
circularly polarized beams are now used to excite a
p transition between jai and jci, but located spa-
tially so as to affect only the jci subcloud of each z

separated cloud. The separation of 2 mm in the x
direction makes this selective excitation possible.
After this pulse sequence, we have four subclouds,
converging toward one another in both x and z

directions, and each in the internal state jai:

fja;�50�hk;�98�hki; ja;�50�hk; 96�hkig

and fja; 48�hk;�98�hki; ja; 48�hk; 96�hkig:

Note that the subclouds are now separated in the z
direction by 1 mm, and in the x direction by 2 mm.
Similarly, the speed of convergence in the z di-
rection (about 0.6 m/s) is half of the convergence
speed in the x direction. As such, all four com-
ponents of the cloud will come together in another
1.7 ms, forming a two-dimensional matter wave
grating pattern. The spacing of these patterns are
determined by the values of Nz and Nx: for the
rubidium transition wavelength of about 800 nm,
the peak-to-peak separation in the z direction is
approximately 100=Nz nm, and the separation in
the x direction is 100=Nx nm. For the parameters
chosen here, we would have a grating with about 4
nm spacing in the x direction, and 8 nm spacing in
the z direction. Structures as small as 2 nm seem
feasible given the source particles’ parameters
considered here. For lithographic applications,
this pattern can be deposited on a substrate coated
with self-assembled monolayers of octyltrichlo-
rosilane. Then, the damage induced on this layer
can be transferred chemically to an underlying
layer of semiconductors or coinage metals [15].
The number of spots, and uniformity of height
thereof, are determined largely by the coherence
length of the sample. For a Bose condensed
source, the coherence length is of the order of
300 lm, so that up to 1010 structures can be pro-
duced and deposited over an area of 300 lm
diameter.

One of the potential constraints of this ap-
proach is the detuning resulting from the Doppler
shift of the components of the atomic wave packet
with a high transverse momentum. In practice, the

maximum detuning that can be tolerated is limited
by the available Rabi frequency. In what follows,
we consider an explicit example to illustrate the
limit involved.

The Raman coupling between ja; pi and
jb; p � 2�hki, for example, suffers from a detuning
given by

D ¼ ½ðp � 2�hkÞ2 � p2=2m�h ¼ � 2pk
m

þ 2�hk2

m
:

The last term is the same for all p, and can be
accounted for by tuning the laser frequencies ap-
propriately. The first term is the Doppler shift:

Dd ¼ � 2kp
m

:

In our model, the maximum value of p we have
contemplated is � 100�hk, so that

jDd jmax ¼ 200
�hk2

m
¼ 200xR;

where xR is the single photon recoil frequency
which, for the 87Rb transition considered is � 2p�
4� 103 s�1. Therefore, jDd jmax ffi 2p � 1:6� 106

s�1 � 0:3C, where C is the population decay rate of
the states that are excited by the single frequency
transitions. In order to ensure that this detuning
does not affect the efficiency of the transition sig-
nificantly, one must use a Raman (i.e., two-pho-
ton) Rabi frequency that is much larger.

Explicitly, let us assume that the smallest spot
size for the optical beams is about 10 lm. If a
Ti:Sapphire laser is used along with acousto-optic
modulators, it is possible to have �500 mW for
each of the single frequency transitions. The
strongest of the atomic transitions that are allowed
in the level structure shown in Fig. 1 have a sat-
uration intensity of about 3 mW=cm2

. Allowing
for the fact that some transition are about a factor
of 4 weaker, we assume a saturation intensity of
12 mW=cm

2
. This implies that

Imax

Isat
� 500 mW

ð10 lWÞ2

 !,
ð12 mW=cm2Þ

¼ 40� 106 ) Xmax

C
¼

ffiffiffiffiffiffi
I
Isat

r
� 6� 103

) Xmax � 6� 103C;
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where X is the Rabi frequency for a single-fre-
quency transition. Of course, the relevant parame-
ter is the Raman Rabi frequency, which is given by

XR �1 �
X1X2

d

� X2
0

d
ðAssuming; X1 � X2 ¼ X0Þ;

Where X1 and X2 are the Rabi frequencies for the
two single frequency transitions, and d is the single
photon detuning. In order to ensure that sponta-
neous emission remains negligible, we want

X0

d

� �2

� C � s � 1 ðAssuming X0 � dÞ

) XR �
C
d
� s � 1

) XR � s � d
C
;

where s is the interaction time. For concreteness,
we assume d ¼ 1000C (i.e., about 5 GHz), so that
XRs � 1000. For this choice of d, and assuming
X0 ¼ 100C (which is easily possible, given that the
maximum achievable value is 6000C, as shown
above, and satisfies the condition that X0 � d), we
get

XR � X2
0

d
� ð100CÞ2

100C
� 10C:

To ensure a p-pulse during each Raman pulse, we
want XRs � 50p which satisfies the constraint de-
termined above. The individual pulse duration is

s
50

� p
XR

� p
10C

¼ 10 ns:

Such a pulse duration can be easily achieved ex-
perimentally, using Pockel cells, for example.

In the discussion above, we considered only the
state with zero initial momentum. To see the effect
of wave packet evolution on the interference pat-
tern, we start with a Gaussian wave packet and
Fourier transform it into momentum space. We
take into account the initial momentum in the x

and z directions and average the interference pro-
cess over the initial wave packet. Fig. 3 shows
schematically the steps involved in producing the
two-dimensional beam-splitting and recombining.
At point S, right after atoms are released from the

trap, assume the initial momentum state is jW0i ¼
ja, pox�hk, poz�hki. In what follows, we assume that
the duration of the interaction with the laser pulses
is negligible compared to the free evolution time of
the wave-packet. Components of the wave-packet
following the four distinct paths S–A–A1–E, S–A–
A2–E, S–B–B1–E and S–B–B2–E will accumulate
different phase factors resulting from the distinct
kinetic energy along each path. We denote these
phase factors as a1, a2, a3 and a4 respectively. At
point E, the momentum state then becomes:

j/1ðpox; pozÞi ¼ 1=2 ða1ja; ðpoz þ 2Nz � 2Þ�hk;
ðpox � 2NxÞ�hki þ a2ja;
ðpoz þ 2Nz � 2Þ�hk;
ðpox þ 2Nx � 2Þ�hki þ a3ja;
ðpoz � 2NzÞ�hk;
ðpox � 2NxÞ�hki þ a4ja;
ðpoz � 2NzÞ�hk;
ðpox þ 2Nx � 2Þ�hkiÞ:

The whole wave packet at E is then given by
summing over the initial spread in momentum in x
and z direction:

jui ¼
Z Z

dpox dpoz
2dffiffiffiffiffiffi
2p

p

� exp½�d2ðp2ox þ p2ozÞk2
�juðpox; pozÞi;

Magnetic
Trap

z

y

x

S

BA

A1

A2 B1

B2

E

Fig. 3. An illustration of the steps involved in producing two-

dimensional beam-splitting and recombining. For simplicity,

the laser beams are not shown in the diagram.
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where d is the standard deviation of the initial
packet in position space. The interference pattern
is given by Pðx; zÞ � wðx; zÞ�wðx; zÞ, where wðx; zÞ ¼
ha; z; xjui is the spatial wave function. We get:

P ðx; zÞ ¼ 4

2pðd2 þ ð�h2t2=m2d2ÞÞ
cos2 ½ð2Nz þ 1Þkz

� cos2 ½ð2Nx þ 1Þkx

� exp

"
� ðð2�hkt=mÞ þ zÞ2

2ðd2 þ ð�h2t2=m2d2ÞÞ

#

� exp

"
� ðð2�hkt=mÞ þ xÞ2

2ðd2 þ ð�h2t2=m2d2ÞÞ

#
:

From this, we can see that it is a two-dimensional
interference pattern with Gaussian envelopes.
Here 2t is the travel time from A to E.

One of the features of this result is the well-
known free-space spreading of the wave packets,
characterized by the doubling time sD ¼ 2md2=�h.
The other feature is the shift in the envelope peak,
in both x and z directions, at the rate of twice the
recoil velocity, 2�hk=m � 12 mm=s for 87Rb. It is
obvious from the expression that none of these two
features affect the contrast of the fringes.

Fig. 4 shows a plot of this pattern for d ¼ 10 nm
and 2t ¼ 30 ns as a simple example. These num-
bers are completely arbitrary, and are chosen
simply for graphical clarity, in order to ensure that
both the fringe pattern and the roll-off are easily
decipherable in the plot. Specifically, the choice of
such a small value of t is made in order to keep it
small compared to the doubling time of about 275
ns for this value of d, and the choice of 87Rb as the
atom. A more realistic choice of parameters would
be, for example, d ¼ 1 mm, and 2t ¼ 10 ms. This
will ensure the validity of our approximation that
the interaction times are much smaller than the
free evolution times. Note that the doubling time
now is about 2750 s, and the wave packet spread
would be completely negligible. However, in this
case we will have nearly 1010 fringes within the
envelope. Showing both the envelope and the
fringes in the same graph would then be a difficult
task. Since this is an analytical result, an interested
reader can simply plot the fringe pattern for any

given set of parameters within the constraints of
the pulse parameters we have laid out in detail.

In summary, we have proposed a scheme for a
large angle interferometer using Raman pulses to
produce a two-dimensional pattern with indepen-
dent choice of grating spacings in each direction.
This scheme may enable one to produce uniform
arrays of structures such as quantum dots with
characteristic sizes down to a few nanometers.
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