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Offset simultaneous conjugate atom interferometers
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Correlating the signals from simultaneous atom interferometers has enabled some of the most precise
determinations of fundamental constants. Here, we show that multiple simultaneous interferometers with
strategically chosen initial conditions (offset simultaneous conjugate interferometers) can provide multichannel
readouts that measure or suppress specific signals and systematic effects. We create two pairs of simultaneous
conjugate interferometers and precisely control the offset between them with Bragg diffraction and Bloch
oscillations. This allows us to cancel the effect of acceleration gradients, a major systematic effect in many
atom interferometry measurements. It also reduces the undesired diffraction phase from Bragg diffraction beam
splitters by a factor of 6. This work paves the way for measurements of the fine-structure constant below the
10-part-per-trillion level. It can also be generalized for isotope-mass-ratio measurements.
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I. INTRODUCTION

Atom interferometers have been used for inertial sensing
[1-5], testing Einstein’s equivalence principle [6—10], measur-
ing Newton’s gravitational constant G [11,12], and searching
for dark-sector particles [13,14]. Running two interferometers
simultaneously and interrogating them with the same laser
(simultaneous conjugate atom interferometers, or SCIs) has
proven to cancel several systematic effects and has led to
the most accurate determination of the fine-structure constant
a [15]. Many common-mode effects, such as vibrations and
uniform gravitational acceleration, are suppressed in the dif-
ferential phase between these two interferometers. Gravity
gradients and diffraction phases [16,17], however, which can
be thousands of times as large as needed for the final accuracy,
remain.

we propose and demonstrate a scheme: offset simultane-
ous conjugate interferometers (OSClIs; Fig. 1), which can
exactly cancel the effects of acceleration gradients (due to,
for example, a gravity gradient, inhomogeneous magnetic
fields [15], blackbody radiation [18], etc.) and substantially
reduce diffraction phases from Bragg diffraction beam split-
ters [19,20]. We split one atom sample into two using one
Bragg diffraction pulse and two Bloch oscillation sequences
[21], creating two sets of SCIs to form a multichannel in-
terferometer. The vertical offset between the two SClIs is
precisely controlled by the timing of these two Bloch os-
cillation sequences. Different channels of this geometry can
be used to amplify or suppress specific signals. Importantly,
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the offset required to cancel the gradient is independent of
the magnitude of the gradient. We also demonstrate that the
undesired diffraction phase [20] from the Bragg beam splitters
is suppressed due to the symmetry of this geometry. Finally,
we discuss the potential for using OSCIs to measure the
fine-structure constant .

II. CANCELING THE ACCELERATION GRADIENT PHASE

For an atom interferometer where the atomic wave packets
travel along the lower arm z; and upper arm z,, a vertical
acceleration gradient y will introduce a phase shift, to first
order in y, as

Az,
8y =" [~ 2y = V2

=5 7 — 2z, =75 (1)
where m is the mass of the atom, 7 is the reduced Planck
constant, A = f (z; — z,)dt is the space-time area enclosed
between the two arms, and z. = [ (z} — z;)dt/2A is the center
of this space-time area.

For two simultaneous interferometers whose centers are
separated by a vertical distance 8z, the differential phase shift
caused by y is

myA
d¢p, = —dz. 2)
h

This y-related phase is an important systematic error source in
many atom interferometer applications [12,15,22,23]. Several
schemes have been proposed to control this effect [24-27].
However, so far these schemes require the gravity gradient
to be measured, necessarily introducing a corresponding un-
certainty. They also involve changing the frequency of the
laser beams, which will complicate other systematic effects,
such as diffraction phases. OSCIs cancel the effect from
acceleration gradients by overlapping the centers of the two
simultaneous interferometers, so that §z = 0 and §¢,, vanishes
according to Eq. (2). Not only does this technique not require
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FIG. 1. The top panel shows the pulse sequence and atom tra-
jectories in OSClIs. Every dashed line represents a pair of counter-
propagating laser pulses that drive Bragg diffraction. Bands represent
the optical lattices that drive Bloch oscillations. We split the atom
sample into two with one Bragg pulse and two Bloch oscillation
sequences and create two sets of SCIs (the blue one and the red
one). The four output ports A to D constitute four output channels.
Among these four channels, AC and BD are similar to the SCIs used
previously, BC is the y-insensitive channel, and AD is the channel
most sensitive to y. Momentum states are indicated above the lines.
In the bottom are the temporal profiles of all the laser pulses.
Bragg pulses have Gaussian temporal profiles. Bloch oscillations
have trapezoid temporal profiles.

a measurement of y, it also works for both Bragg and Raman
beam splitters and can be applied to any atom interferometer
geometry, even the ones that are not intended for a gravity
measurement, like Ramsey-Bordé interferometers.

Figure 1 shows the geometry of OSCIs. We first apply
an nth-order Bragg pulse, which transfers the momentum
of 2n photons and drives the atoms into a superposition of
states |0) and |n) (|n) denotes a momentum eigenstate with a
momentum of 2n photons). After time 7, Bloch oscillations
are applied to accelerate the upper arm to the state |n + Np).
A second deceleration Bloch oscillation sequence then brings
this arm back to state |n). As the relative motion of these two
arms comes from photon recoils, the displacement between
them can be precisely controlled by the timing of these two
Bloch oscillation beams. The initial Bragg pulse and the two
Bloch oscillation sequences do not participate in interference.
They are referred to as the offset-generating Bragg and Bloch
beams later in this paper. After another interval 7., we apply a
pair of nth-order Bragg beam splitters, a sequence of N Bloch
oscillations, and another pair of nth-order Bragg beam split-
ters. Each pair of Bragg beam splitters has a separation time
of T, and the two pairs are separated by time 7’. The second
pair of Bragg beam splitters contains two frequencies, which
are shifted by +w,, relative to the first pair. These beams
are referred to as interferometer Bragg and Bloch beams. In
the end, we have two sets of SCIs (the blue one and the red
one) and four output ports (A to D), which constitute four
output channels. Among these four channels, AC (a channel
that outputs the differential phase between A and C) and BD

are similar to the SCIs used previously. BC is the y-insensitive
channel, as B and C are spatially overlapped and can be used
to cancel the y effect. AD, AC, and BD are sensitive to y, with
AD having the largest sensitivity because it has the largest
displacement.

III. DERIVATION OF THE REQUIRED OFFSET
The offset-generating beams will offset the two SCIs by
8z = 2v,(nT; + NoTy), 3)

where v, = hk/mcy is the recoil velocity of a cesium atom
with mass mc, after scattering a photon with wave number k.
Using Eq. (2), this offset will cause a phase shift

3¢y = 8nTw,y(T + T(nT; + NoTy), “4)

where w, = mvr2 /(2h) is the recoil frequency. T;, Ty, T, and T’
are pulse-separation times defined in Fig. 1. This phase shift
has opposite signs on channel AD and BC.

The overall differential phase ® from channel AC (or
BD) was derived in Ref. [15]. Including the offset phase
shift, the differential phase from every channel IJ (IJ €
{AC, BD, BC, AD}) now can be summarized as

® = -2nT[w, — 8w,(n+N) — w.yCry]l + b5, (5)

where ¢;; is the overall diffraction phase on every channel; C;;
is the channel-dependent coefficient of the y-related phase:

2 2 ’ 12
Cgp = 31’1(2T +3TT +3T")

4 2 ’ 12
+ N2 +3TT; + 31,2,

Cac = Cpp,
Cap = Cpp +4(nT; + NoT, (T + T'),
Cpc = Cpp — 4(nT; + NoT, (T +T'). (6)

High-order effects, including the phase terms that depend on
the atom velocity, the duration of the Bloch beam, and the
gravity acceleration g, are not shown for simplicity [15]. By
properly tuning the timing of the second offset-generating
Bloch beam, we can cancel Cpc, thus suppressing the y effect
on channel BC. In the meantime, C4p will be doubled, and
channel AD will have higher sensitivity to y compared to AC
and BD.

IV. SUPPRESSING THE DIFFRACTION PHASE

Bragg diffraction is a key technique used in many atom
interferometer applications [16,17,28]. Compared to conven-
tional two-photon Raman transitions, Bragg diffraction trans-
fers multiple photon momenta every time, which increases
the space-time area enclosed between the different arms of
the interferometer, thus improving the sensitivity. As atoms
remain in the same internal electronic state, important system-
atic effects, like the Zeeman and Stark effects, are suppressed.
But Bragg diffraction coherently couples atoms to unwanted
momentum states and inevitably causes undesired diffraction
phase. This diffraction phase depends on the duration, inten-
sity, and shape of the laser pulses, on the Bragg diffraction
order, and on the detuning from two-photon resonance. It
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is hard to control in experiments or calculate analytically.
Therefore, the diffraction phase represents a major source of
systematic uncertainty in precision measurements [19,20].

The diffraction phase is suppressed in the y-insensitive
channel BC, which can be seen by examining the symmetries
of OSClIs. After the offset-generating Bragg and Bloch beams,
the upper SCI (the blue one) starts from the state |n), and the
lower SCI (the red one) starts from the state |0). The two inter-
ferometers of channel BC now have a symmetric configuration
compared to the regular SCI channel BD (or AC) where the
two interferometers start from the same momentum state. This
symmetry leads to the cancellation of the diffraction phase
from the first two interferometer Bragg pulses. To show that,
we follow the analysis in Refs. [19,20]. We use B, to denote
an nth-order Bragg pulse. By numerically solving the optical
Bloch equations that describe the process of Bragg diffraction
[20], we obtain the matrix element (b|B,|a) as the complex
amplitude for the Bragg pulse to drive an atom from state |a)
into state |b). The diffraction phase from the beam splitter B,
is thus the argument arg((b|B,|a)),

Denote the diffraction phase from the mth interferometer
Bragg pulse on output port I (I € {A, B, C, D}) as ¢y ,,. For A,
the first interferometer Bragg pulse does not change the upper
arm’s state |n) put drive§ the lower arm from |n) to |0); thus,
¢a.1 = arg({n|B,|n)/(n|B,|0)). Similarly,

<n|én|n>>

Qa1 = Pa2 = Pp2 = Pc,1 = arg((”lénl())

$B1 = ¢c2 = ép.1 =¢Dz=arg((n|én|0>). 7
’ ’ ’ ’ (01B,10)

For every channel IJ, the diffraction phase from the mth
interferometer Bragg pulse, denoted as ¢y, 1S @1 — Py
Using Eq. (7),

Gac,1 = ¢pp,1 =0,

Pap.1 = —Ppc.1 = Pac2 = PBp.2 = Pap.2
_ _ (01B,10)(n|B,|n)
= faca = are ( (nlB,10)? ) ®

Because ¢ac.1 = ¢pp,1 = 0, the diffraction phase from the
first two Bragg pulses is zero in channels AC and BD, and
the main contribution comes from the second one. In the
y-insensitive channel BC, the diffraction phases from the first
two interferometer Bragg pulses cancel each other because
¢pc.1 = —¢pc.2 = 0; conversely, in channel AD, the first two
interferometer Bragg pulses introduce the same diffraction
phase. A similar analysis shows that the diffraction phase
from the third and fourth interferometer Bragg pulses is the
same in all channels. Therefore, the overall diffraction phase
is suppressed in channel BC and amplified in channel AD
relative to channels AC and BD.

V. EXPERIMENT

Our setup is similar to the one in Ref. [19]. Cesium atoms
are first loaded into a magneto-optical trap and launched
upward via moving optical molasses [29]. The atoms are then
further cooled to a few hundred nanokelvins with Raman side-
band cooling [30]. With three subsequent Raman transitions,

we prepare cesium atoms into the |F = 3, mp = 0) electronic
state with a velocity spread less than 0.1 recoil velocities along
the vertical direction. Bragg and Bloch beams are then applied
during the flight, as shown in Fig. 1. When the atoms fall
back down, we apply a resonant detection beam and detect the
fluorescences. The whole sequence is repeated every 2.4 s.

We use fifth-order Bragg pulses (n = 5) and 125 Bloch
oscillations (Nyg = N = 125) for offset generation and the in-
terferometer. All the Bragg and Bloch beams are 15 GHz blue
detuned from the cesium |F = 3) — |F’ = 4) D, transition.
The intensity of the offset-generating Bragg pulse is set so that
output ports A and B have roughly the same signal amplitude.
The intensities of the two offset-generating Bloch oscillation
beams are optimized to the highest efficiency. The frequencies
of the offset-generating Bloch beams are generated in the
same way as the interferometer Bloch beams. So the down-
propagating beams contain a pair of frequencies. For them
to interact with the atoms in the momentum state |n), the
frequencies of the counterpropagating beams are decreased
by 20 kHz: w; — ) = w; — o] = 27 x 20 kHz. Atoms left
behind by the acceleration Bloch oscillations are mostly in
the |n) state and would spatially overlap with the signals.
To suppress these atoms, we apply a velocity-sensitive two-
photon Raman pulse to drive the atoms with 2n/ik momentum
from the |F = 3) ground state to the |FF = 4) ground state and
then apply a resonant beam to blow away the atoms in the
|F = 4) state. These pulses are not shown in Fig. 1. Atoms
left behind by the deceleration Bloch oscillations are in the
|n + Np) momentum state. They are spatially resolved from
the output channels and thus will not affect the experiment.

We fix the timing of the offset-generating Bragg pulse,
the acceleration offset-generating Bloch oscillations, and the
second and the third interferometer Bragg pulses relative
to the experiment sequence: T, =5 ms, T; + T = 155 ms,
T’ =50 ms, and 7, = 45 ms. When T changes, we adjust 7},
according to Eq. (6), so that Cgc = 0. This guarantees channel
BC has no sensitivity to y.

A. Statistical sensitivity

First, we demonstrate the statistical sensitivity of OSClIs.
We set T to 10 ms. 7}, is calculated to be 37.6 ms from Eq. (6).
This results in an offset of about 3.2 cm between the two wave
packets at the moment of the first interferometer Bragg pulse.
Figure 2(a) shows the typical fluorescence signal we observe.
The eight peaks on the two sides correspond to four output
ports. The two peaks in the middle come from the atoms that
are not driven by the interferometer Bloch oscillations. These
atoms do not contribute to the measurement.

We use ellipse fitting [31,32] to extract the differential
phase between two output ports. The ellipses are shown
in Fig. 2(b). The x axis of each ellipse is the normalized
signal of the lower interferometer (C or D), and the y axis
is the normalized signal of the upper interferometer (A or
B). The y-insensitive channel BC has the same x contrast as
channel AC (about 16%) and the same y contrast as channel
BD (about 22%), demonstrating that introducing an offset
does not lead to decoherence. After 13 h of integration, we
reach an uncertainty of about 3 parts per billion (ppb) in the
differential phase for every channel, which corresponds to
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FIG. 2. (a) Fluorescence trace taken at 7 = 10 ms and 7, =
37.6 ms. It is an average of 30 measurements. The eight peaks on
the two sides correspond to four output ports. The two big peaks in
the middle are the atoms not driven by Bloch oscillations, which do
not contribute to the measurement. (b) Signal from every channel.
The x axis is the normalized signal of the lower interferometers
(C or D), and the y axis is the normalized signal of the upper
interferometers (A or B). Data were collected over a period of 13 h.
The red curve is the fitted ellipse from every channel.

1.5 ppb statistical uncertainty in « [15]. This demonstrates the
world-class sensitivity of OSCls.

Figure 3 shows the Allan deviation of the measured
frequency for every OSCI channel. The sensitivities of all
channels are about the same, roughly at 1.1 Hz/+/Hz. As a
comparison, we remove the offset-generating beams and leave
the interferometer beam sequence unchanged. This leads to a
regular SCI geometry. The Allan deviation for this SCI ge-
ometry is also plotted, showing a sensitivity of 0.38 Hz/~/Hz.
The sensitivity of every OSCI channel is reduced by only a
factor of 3 compared to the SCI geometry. This reduction can
be explained by two aspects. First, OSCIs distribute the atom
population on four output ports. This reduces the effective
signal size on each channel. Second, single-photon scattering
introduced by the two offset-generating Bloch oscillation

(@) (H2)

—3-AC
—4-BD

—+-BC
—#—SCl

7(s)

FIG. 3. Allan deviation of the measured frequency at 7 = 10 ms
for every OSCI channel. As a comparison, the Allan deviation for the
SCI geometry with the same interferometer timing sequence is also
plotted.

sequences further lowers the total signal size. Increasing the
detuning of the laser pulses to suppress single-photon scatter-
ing and using broader laser beams to drive Bragg diffraction
and Bloch oscillations (so the intensity is more uniform across
the atomic sample) are expected to improve the signal-to-
noise ratio, thus benefitting the sensitivity.

B. Consistent output and suppression of the diffraction phase

Next, we show the consistency of the recoil frequency from
every channel and the suppression of the diffraction phase. We
vary the pulse separation time 7" from 5 to 20 ms and adjust 7;,
accordingly. At each T, we adjust w,, to the point where the
total phase ® is zero. Define the measured frequency as f,, =
W/ (2m). According to Egs. (5) and (6), f,, can be fitted as
a function of 1/T with two fitting parameters, the diffraction
phase and the recoil frequency f, = w,/(27),

b1y

- dnnT

Figure 4(a) shows the measurement results and the cor-
responding fittings. At short 7’s, the contribution from the
gravity gradient is small. f,, is roughly linear in 1/7, with
a slope proportional to the diffraction phase. The coeffi-
cients C;; scale with T2. As T increases, the effect from
the gravity gradient becomes more pronounced; thus, the
fitting curve is no longer linear. This represents a potentially
large systemic effect in the @ measurement. For instance, at
T =80 ms, the gravity gradient will shift the total phase
in channel BD by 8 ppb, which is over two orders of
magnitude larger than the required accuracy of the recoil
frequency. By properly setting the timing, sensitivity to y
in channel BC is canceled. The fitting for this channel is a
straight line.

Figure 4(b) shows the fitted recoil frequencies from all
channels. They agree with each other within lo uncer-
tainty, demonstrating the consistency of the output from ev-
ery channel. Figure 4(c) shows the fitted diffraction phase
from all channels: ¢pac =22 + 6 mrad, ¢pp = 41 £ 3 mrad,

fn + [B(n+N)+y x Cylf;. €))
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FIG. 4. (a) Measured frequency vs 1/7T. The data points are from
experimental measurements, and curves are corresponding fittings
using the functional form of Eq. (9). The y value comes from
Ref. [15]. Channel BC has no y effect; the fitting is a straight line.
Data were taken over two successive days. (b) Fitted recoil frequen-
cies in all channels. They are consistent within in 1o uncertainty.
The red line is the average of these frequencies. (c) Fitted diffraction
phases from all channels. The red line indicates zero. A sixfold
suppression of the diffraction phase in channel BC was observed
compared to channel BD.

¢ap =70 £ 4mrad, and ¢pc = —7 & Smrad. The diffrac-
tion phase is suppressed by a factor of 6 in channel BC
compared to channel BD and a factor of 10 compared to
channel AD.

VI. DISCUSSION AND CONCLUSIONS

A measurement of « using atom interferometers has two
leading systematic error sources: acceleration gradients and

non-Gaussian wave fronts [15]. With this OSCI scheme, the
uncertainty from the acceleration gradient will now be negli-
gible. The effects from non-Gaussian wave fronts can be sup-
pressed by driving Bragg diffraction and Bloch oscillations
with larger-width laser beams, which, as mentioned above,
also improves the sensitivity. Combining with other upgrades
described in [33], we expect to improve the accuracy of « to
the 10-part-per-trillion level, which would provide a test of the
standard model improved by a factor of 20 when paired with
similar improvement in the electron g, — 2 measurement [34].

The ability to control the offset in OSCIs also enables
new ways to check many systematic effects. For example,
with the increased vertical separation between A and D,
OSCIs can measure y using channel AD. Comparing the
results from channels AC and BD allows us to identify and
reduce effects such as the inhomogeneous magnetic field
along the vertical direction, the divergence of the laser beams,
and the stray light reflected by the vacuum chamber [15].
Because these two channels have the same phase produced
by the gravity gradient, a comparison between them will also
place a bound on third-order gravity variation (the gradient of
the gravity gradient). These systematic checks can be done
simultaneously with data taken for a measurement of the
recoil frequency.

The OSCI geometry can also be generalized for isotope-
mass-ratio measurements [35]. With sensitivity to the mass
of atoms and immunity to gravity gradients, OSCIs provides
a compelling scheme for precision mass-ratio measurements
with matter-wave interferometers.
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