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Large momentum transfer Raman atom interferometer without k-reversal
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We present a Raman atom interferometer using large momentum transfer without reversing the direction of
the effective wave vector (k-reversal). More specifically, we use a microwave 7 /2 pulse to manipulate the spin
state of 8’Rb atoms before applying a Raman light 7z pulse to achieve 4/ik momentum transfer per Raman light
pulse. A microwave 7 pulse in the middle of the interferometer sequence reverses the spin states, which allows
closing of the interferometer arms by the same Raman light = pulses without propagation reversal. We present a
proof-of-principle demonstration of a 47k large-momentum-transfer (LMT) atom interferometer and discuss its
scalability. Our results extend the scope of using LMT atom optics.
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Atom interferometers have emerged as pivotal tools in
modern physics, enabling high-precision measurements of
fundamental constants [1-5], rigorous tests of physical laws
[6-9], and ambitious efforts to detect dark energy [10,11],
dark matter, or gravitational waves [12—15]. In these measure-
ments, light is used to split an atomic wave packet, which then
propagates along two distinct interferometer arms, before be-
ing recombined to obtain interference fringes that are sensitive
to the acceleration of the atom. The exchange of momentum
with the light can entangle the two momentum states of the
atom with two different internal states, simplifying detection
of the fringes by eliminating the need to resolve the two output
ports spatially. Raman transitions between hyperfine ground
states have proved to be an effective way of doing this in
technological applications, including inertial sensing [16-20]
and gravity mapping [21-24].

The acceleration sensitivity of an atom interferometer in-
creases with the space-time area enclosed by the arms. One
method to increase sensitivity, therefore, is to increase the
propagation time. In free fall (as opposed to trapped geome-
tries, e.g., Ref. [25]), propagation times have been extended by
the use of atomic fountains [16,26,27], drop towers [28,29],
and other micro-g environments [30-33]. These approaches
allow longer free-fall times, but at the expense of large infras-
tructure, increasing the scale and complexity of experiments.
An alternative is to increase the momentum imparted to the
atom by the beam splitter. Large-momentum-transfer (LMT)
methods have achieved differential momenta as high as 167k
using spin-dependent Raman kicks [34], 100%k using sequen-
tial Bragg atom optics [35], and 400%k using a combination
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of Bloch oscillations and Bragg transitions in twin optical
lattices [36].

Unlike LMT methods using Bragg diffraction or Bloch
oscillations, LMT Raman atom interferometers [34,37] need
to reverse the direction, k, of the effective wave vector be-
tween successive light pulses. The effective wave vector of
both directions is present in Ref. [34], but the Doppler shift
resolves the degeneracy of the Raman resonances for « = +1.
It is necessary therefore to switch rapidly between differ-
ent frequencies during one interferometer sequence, while
preserving phase coherence [38]. In vertical accelerometers,
the velocity of atoms falling under gravity naturally lifts the
degeneracy. In horizontal accelerometers, the atoms can be
launched with enough velocity to lift the degeneracy [39], at
the cost of some technical complexity. This complexity can be
avoided by removing one of the retroreflected Raman beams
[40,41], but then it is not possible to reverse «.

We present a different method for achieving LMT in a
Raman atom interferometer without the need for k-reversal.
Our method closely follows the work in Ref. [34], but we
eliminate the need for reversing « by employing a sequence of
alternating microwave and optical transitions. This approach
also removes the need to switch the frequency of the light
pulses rapidly within a single interferometer sequence. It
shares the benefit of being insensitive to ac Stark shifts as only
7 pulses are used [42]. We demonstrate an implementation of
this method and propose a pathway toward achieving larger
momentum transfers, enabling even greater sensitivities.

Our realization of the interferometer scheme uses ®’Rb
atoms. As shown in Fig. 1(a), we use microwave pulses to
directly couple the hyperfine levels of the (55)*S;), state,
and laser pulses detuned from the (5p)*P; /2 state to drive
Raman transitions between these levels. Our 47k LMT atom
interferometer is realized by three microwave pulses and four
Raman pulses, as is illustrated in Fig. 1(b). The interferome-
ter sequence starts with a spin-dependent-kick beam splitter
[34]. This uses a microwave 7 /2 pulse followed by a Ra-
man 7 pulse to create a momentum separation between two
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FIG. 1. A 47k large momentum transfer without k-reversal. (a) Energy-momentum states involved in the interferometer. We drive Raman
transitions (cyan arrows) and microwave transitions (gray arrow) between |F = 1, my = 0) and |F = 2, mp = 0) to induce spin-dependent
kicks. (b) A 47k large momentum transfer interferometer. The microwave interaction (gray lines) couples spin states of the same momentum
state. The Raman interaction (cyan lines) couples different momentum states by spin-dependent momentum transfer.

interferometer arms of 47k, where k = 2w /A and A ~ 780
nm. More specifically, the microwave w /2 pulse puts each
atom into an equal superposition of two spin states, |F, mp) =
[1,0) and |2, 0), without changing its momentum state. After a
period 7; of free evolution, a Raman & pulse imparts momenta
of +2hk to |1,0) and —2hk to |2,0), as well as reversing
the spin states. A second Raman s pulse is applied after a
further time 7. This keeps the spatial separation between the
two interferometer arms at a fixed distance, d = 4hkT; /M,
where M is the atomic mass. The atoms then evolve freely for
a time 75 before the spin states of the two arms are swapped
by a microwave 7 pulse. Subsequently, there is another free
evolution time 73, following which the two interferometer
arms are closed, without k-reversal, by applying two more
Raman 7 pulses separated by Ty = T;. Finally, after freely
evolving for 75, the two arms are made to interfere by applying
the last microwave 7 /2 pulse.

After the interferometer sequence described above, the
population in |2, 0), Pp—», is

Pr_> = B — Acos (A¢™ + AgP), (1)
where B is the middle point of the interference fringe, A is
the amplitude of the fringe, and A¢pM and A¢R are the phase
differences along the two paths due to interactions with the
microwave and Raman fields, respectively.

The full derivation of AgM and A¢R can be found in the
Supplemental Material [43]. Here we choose 7} = T, in order
to close the interferometer. The microwave phase difference is
then

AgM = (@ = w)(T1 + T = T3 = T), by
where M is the microwave frequency and wy is the hyperfine
splitting of the (55)%S) /2 state. We choose a symmetric timing
of Ty =T, and T» = T to ensure that A¢M is strongly sup-
pressed. With this timing, the Raman phase, calculated in the

short-pulse limit [26,44], is

T T
APR = a —<2 - %)4sz — ankT?, 3)

1

T
where a is the constant acceleration of the atom relative to
the retroreflection mirror, projected onto the axis of Raman
beam propagation. The 4k factor originates from the 4hk
differential momentum transfer per Raman pulse, and 27T =
T+ T, + T3 + T, is the interval between the first and the
last Raman pulse. The dimensionless factor n is a simple
way of characterizing the sensitivity to acceleration for a
given value of 77/T. We note that, in the limit of 7;/T —
0, Eq. (3) gives npmt — 0, and the interferometer has no
acceleration sensitivity. In this limit, the two paths enclose
no area, and the interferometer becomes a microwave spin-
echo sequence. In the limit of 77/T — 1, the interferometer
reaches its maximum acceleration sensitivity of nyyr — 4
as the space-time area enclosed is the maximum available
with a 4hk momentum transfer. In this Letter, we study
the phase A¢R, defined in Eq. (3), and compare it with
that of a standard three-pulse Mach-Zehnder (MZ) atom
interferometer.

The apparatus is very similar to that described in Ref. [40].
Here we give a brief description of the experimental sequence.
Approximately 10® atoms of ’Rb are cooled to ~10 uK and
optically pumped into the (55)S; 2 I =1 ground state, dis-
tributed across the three myp sublevels. A state preparation
sequence, outlined in the Supplemental Material [43] and in
Ref. [41], drives approximately 5 x 10° of the atoms into
the magnetically insensitive |1, 0) state and removes the rest.
During the interferometer sequence, we apply a bias magnetic
field to lift the degeneracy of the my states. Laser light is
provided by the pQuans system described in Ref. [40]. The
Raman frequencies, w; and w,, differ by 27w x 6.834 GHz
in order to drive the hyperfine transition |F, mg) = |1,0) —
12, 0).

Figure 2 shows the preparation of the light for the interfer-
ometer. The light at the two Raman frequencies w;(w;) leaves
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FIG. 2. Schematic of the Raman beam setup, showing the polar-
ization scheme that rejects the counterpropagating w, light, to only
drive the 0 "—o ™ Raman transition. See main text for details.

the output fiber with orthogonal linear polarizations, before
passing through a quarter-wave plate (QWP) to become right-
handed (left-handed) circular polarizations that drive o~ (o)
transitions. After passing through another QWP, w; is directed
to a beam dump by a polarizing beam splitter (PBS) while
w; passes through, reflects from the mirror, and passes back
through the PBS and the QWP resulting in a right-handed
circular polarization, which completes the o*—o Raman
transition. As w, is rejected, the 0 "—o~ Raman transition
is not driven [45]. A horn delivers microwave radiation to
the atoms through a vacuum window. The microwave source
is derived from the ©Quans Raman laser system so that the
radiation is phase-coherent with the beat note between the two
Raman beams, as is necessary to form the interferometer. A
microelectromechanical (MEMS) accelerometer is attached to
the rear of the mirror to monitor its vibrations.

_ The interferometer scheme is shown in Fig. 1(b), with
T =T =1ms and T;---Ty, all set to 4ms. The fraction
of atoms in the F = 2 state, Pr—, is determined by state-
sensitive fluorescence detection.

The orange points in Fig. 3 show Pr_, measured as a
function of the mirror acceleration [46]. Each point in the plot
is an average of either 40 or 4 measurements, and the error bar
in Pr_; represents the standard deviation of the mean of those
measurements. No error bars are shown for the acceleration

0.34F o= T ~oe e T T e Jo.3

O_3=—. ...|..-.|...|...|...|..-.|...|....-|.02
-8 -6 -4 -2 O 2 4 6 8 ’

Relative acceleration (mm/s?)

FIG. 3. Atom interferometer fringes with 7 = 8 ms, shifted to
be centered near zero acceleration. Orange data points: LMT inter-
ferometer. Blue points: three-pulse Mach-Zehnder interferometer. In
the range indicated by the orange (blue) bracket, each orange (blue)
point is the average of 40 measurements. Outside those ranges, each
point is the average of four measurements. Solid curves: fits to Eqs.
(4) and (5). Dashed and dotted curves: separate contributions in the
fit from main and parasitic interferometers, respectively (arbitrarily
lowered for clarity).
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FIG. 4. Parasitic interferometers in the scheme of Fig. 1(b).
These form because the Raman pulse is not a perfect 7 pulse. The
dotted/dashed lines show the two closed paths with zero-momentum
output states. Orange (blue) lines indicate F =2 (F = 1) states.
Faint lines indicate the starts of other paths.

as these are all less than 0.5 mm/s?. For each measurement,
the mirror acceleration {a(t))Lmt is averaged over the time
between the first and last Raman pulses, with a trapezoidal
weighting, as described in the Supplemental Material [43] (see
also references [44,47,48] therein). The range of accelerations
plotted in Fig. 3 is passively sampled by the free movements
of the laser table and the mirror. In order to achieve a scan this
wide, the table was not floated.

For comparison, the blue points in Fig. 3 are taken using
a three-pulse MZ sequence with the same 7 = 8 ms and the
standard triangular weighting function to obtain the time-
averaged mirror acceleration (a(t))mz [48]. These data were
taken with the table floating. We fit the MZ interference fringe
to the function

PMZ = B — A cos (nvz {a(t))mz k T + ¢o), )

where ¢y is an offset phase, with the result plotted in Fig. 3.
This gives nyz = 2.00 & 0.01, which is in excellent agree-
ment with the expected value of 2 due to the 2/ik momentum
transfer per Raman pulse.

In contrast, it is clear from the orange data in Fig. 3 that
the LMT interferometer does not exhibit the single sinusoidal
behavior proposed in Eq. (1). This more complicated fringe
pattern is due to the two additional parasitic interferometers
shown in Fig. 4, which arise because the Raman pulses are not
exactly m pulses. This is unavoidable as the intensity of the
Raman beams varies across the cloud of atoms. These para-
sitic interferometers require the same trapezoidal acceleration
weighting function as the LMT interferometer, but have only
half the acceleration sensitivity because they enclose half the
area. More parasitic interferometers are created in a similar
way by the other imperfect Raman pulses, but they involve
higher momenta that are outside the linewidth of the Raman
transition, and are too weak to see. We note that the two
arms of the main 42k LMT interferometer have opposite two-
photon recoil shifts of +£27 x 15kHz. Our Raman coupling
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FIG. 5. Proposed extension from Fig. 1(b) to a 4N/ik interferometer without k-reversal. (a) Schematic of the pulse timing. The two
interferometer arms are opened and closed by microwave 7 /2 pulses (thin gray lines). All the Raman pulses (cyan solid lines) are 7 pulses
to induce spin-dependent momentum transfer, before microwave  pulses (thick gray lines) swap their internal states without affecting the
momentum. Note the paired Raman pulses at the center of the second and fourth sections (highlighted in red). These reverse the order of the
alternating Raman and microwave sequence, as is necessary to reverse the acceleration between the two arms. The central microwave 7 pulse
not only equalizes the time spent by each spin state on two arms, but also closes the interferometer without k-reversal. (b) Energy-momentum
states of one of the interferometer arms during part of the pulse sequence. The two-step transfer is analogous to a Bragg transition.

of 2 x 50kHz is just sufficient to drive transitions in both of
these arms simultaneously.

In order to describe this more complicated fringe, we fitted
the data to the function

PRMY =B — A cos (n{yyr (@(®))ivrk T2 + ¢1)

— Az cos (nyr (@O)wrk T2+ ¢2), (5
where A;, B, ngl)v[T, and ¢; are fitting parameters (i = 1 for
the desired interferometer and i = 2 for the parasitic ones).
The fit, plotted in Fig. 3, gives ”1(‘11\)4T = 3.00 £ 0.05 in good
agreement with the value expected for the main interferometer
by putting 71 /T = 1/2 into Eq. (3). This result confirms that
the LMT interferometer does indeed have a finer fringe spac-
ing than that of the three-pulse Mach-Zehnder interferometer
by a factor of 1.5 for the same time 7. It also verifies that
the trapezoidal acceleration weighting function is valid. We
expect ”(L21\)4T = %nill\;[T because the parasitic interferometers
enclose half the area, and that is confirmed by the same fit,
which yields n\%. = 1.50 & 0.04.

The dashed and dash-dotted lines in Fig. 3 show the
separate contributions to the fit from the main and para-
sitic interferometers. We see that the minima of the parasitic
fringes coincide with every second minimum of the main
interferometer. This is to be expected if ¢; and ¢, simply
represent our arbitrary choice of zero relative acceleration.
In that case, we would expect ¢; = 2¢,, and indeed the fit
gives 1.01 £0.06rad and 0.51 & 0.06 rad. This proportion-
ality serves as a useful test to show that our interferometer
does not suffer from phase errors that depend differently on
the enclosed area, e.g., light shifts or Zeeman shifts.

It is instructive to compare the peak-to-peak amplitudes
of the Mach-Zehnder and LMT fringes in Fig. 3. The for-

mer uses three Raman pulses: 7 /2, 7, w /2. Averaged over
the cloud of atoms, the Raman 7 pulse makes a transi-
tion probability of only 0.55. As a rough estimate, we can
therefore expect a peak-to-peak amplitude of order (0.55),
which is close to the 0.2 that we observe. In contrast, the
LMT interferometer requires seven pulses: three microwave
pulses, for which the population transfer efficiency is ~ 0.8,
and four Raman 7 pulses. The rough estimate of (0.8)% x
(0.55)* is similar to the measured peak-to-peak amplitude
of ~0.03.

Figure 5 shows how to extend our method to larger recoils
of N x 45k without k-reversal. Figure 5(a) shows the overall
pulse scheme, while Fig. 5(b) shows how the paired Raman
and microwave pulses increase the momentum. The analogy
with Bragg transitions is discussed in the Supplemental Ma-
terial [43]. The numbers of microwave and Raman pulses
scale as (4N — 1) and 4N, respectively, so both will need to
be more efficient. At present, the microwave field is inho-
mogeneous because of standing waves formed by reflections
within the vacuum chamber, but with a redesign, one could
approach the ideal of a plane wave perpendicular to the
Raman axis. The Raman 7w pulse efficiency is low because
of the intensity variations across the Gaussian laser beam.
This difficulty can be removed by using the adiabatic-passage
technique described in Ref. [34], which overcomes both the
intensity variations and the opposite recoil shifts of the two
interferometer arms. With a pulse efficiency of 96%, similar to
that shown in Ref. [34], one can expect our scheme to achieve
arecoil of 167k and a fringe peak-to-peak amplitude of ~0.3,
which is similar to the amplitude in Ref. [34].

The resulting improvement in sensitivity to accelerations
would be valuable in several applications. Examples include
compact low-drift accelerometers for navigation [16-20] and
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fundamental physics experiments, such as gravitational wave
detection using a pair of horizontal accelerometers [12,13]. In
these applications, our method allows enhancing acceleration
sensitivity without rapidly switching « in one measurement;
however, it will be useful to reverse x from one measurement
to the next. The two phases (+-nkaT? + ¢) and (—nkaT? + @)
would reveal the presence of any unwanted phase ¢ that does
not depend on the sign of «.

In summary, we have demonstrated an approach that re-
moves the need to reverse k when applying spin-dependent
momentum kicks in atom interferometry [34]. Our approach
still retains the benefits of the original proposal, namely
(1) insensitivity to the ac Stark shifts by limiting the light to =

pulses and (2) encoding of the momentum states in the internal
states to enable readout.
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