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The accelerometer plays a crucial role in inertial navigation. The performance of conventional accelerometers such
as lasers is usually limited by the sensing elements and shot noise limitation (SNL). Here, we propose an advanced
development of an accelerometer based on atom-light quantum correlation, which is composed of a cold atomic
ensemble, light beams, and an atomic vapor cell. The cold atomic ensemble, prepared in a magneto-optical trap
and free-falling in a vacuum chamber, interacts with light beams to generate atom-light quantum correlation. The
atomic vapor cell is used as both a memory element storing the correlated photons emitted from cold atoms and a
bandwidth controller through the control of free evolution time. Instead of using a conventional sensing element,
the proposed accelerometer employs interference between quantum-correlated atoms and light to measure accel-
eration. Sensitivity below SNL can be achieved due to atom-light quantum correlation, even in the presence of
optical loss and atomic decoherence. Sensitivity can be achieved at the ng/ /Hz level, based on evaluation via
practical experimental conditions. The present design has a number of significant advantages over conventional
accelerometers such as SNL-broken sensitivity, broad bandwidth from a few hundred Hz to near MHz, and avoid-

ance of the technical restrictions of conventional sensing elements.
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1. INTRODUCTION

Accelerometers have extensively been applied as weak force
probes, especially in situations that involve inertial navigation,
land-based resource exploration, and seismic monitoring [1—4].
There are many types of accelerometers, including capacitive
[5,6], piezoelectric [7], tunnel-current [8], thermal [9], and op-
tical [10—16]. Almost all utilize mass-spring-damper systems as
displacement sensors [17]. The performance of such accelerom-
eters highly relies on fabrication of the displacement sensors,
which directly results in technical limitations to the bandwidth,
quality factor Q, and noise level [18]. Among numerous
accelerometers, optical ones have attracted much attention
due to their high sensitivity. However, the sensitivity of such
accelerometers is fundamentally subject to shot noise limitation
(SNL) [19,20]. Developing methods and technologies to
break the SNL and remove the technical limitations of conven-
tional displacement sensors is desired for the innovation of
accelerometers.
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In this paper, we present a memory-assisted quantum
accelerometer (MQA), which consists of atomic ensembles,
light beams, and optical elements. The MQA has three
advantages over conventional accelerometers. First, instead of a
mass-spring-damper system, a cold atomic ensemble [21] acts
as the displacement sensor, which can avoid the technical
restrictions of a mass-spring-damper system. Second, the SNL-
broken sensitivity in measurement of acceleration can be
achieved by the quantum interference of correlated atoms
and light [22-24]. The third merit is that the accelerometer
allows a tunable bandwidth, which is determined by the con-
trollable memory time #;; of the correlated photons stored in a
memory element [25-27]. We calculate and analyze the sensi-
tivity and bandwidth of the MQA. An inverse relation exists
between sensitivity and bandwidth. Sensitivity can reach
below the SNL in the range of bandwidth from a few hundred
Hz to near MHz due to atom-light quantum correlation, even
in the presence of the optical losses and atomic decoherence.
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An optimal ng/+/Hz-level sensitivity without loss is antici-
pated at frequencies ~100 Hz for a feasible average atomic
number and an available memory time #;; = 10 ms.

2. RESULTS

A. Principle of MQA

A schematic diagram of the accelerometer is shown in Fig. 1.
The cores are composed of two atomic systems: cold ensemble
Ay and atomic vapor cell A,. A is prepared in a magneto-op-
tical trap (MOT), free-falling in the vacuum chamber to gen-
erate atom (3,(1}))—light (@41) quantum correlation and realize
atom-light interference via two Raman scattering processes.
Atomic vapor cell A,, containing thermal atoms and buffer
gas, is a memory element to store the correlated photonic signal
a4y from Ay, which acts as a bandwidth modulator. In principle,
the memory element can be any quantum memorizer for
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Fig. 1. Schematic diagram of the MQA. The cold atomic ensemble
Ay is free-falling in the vacuum chamber. Atomic vapor A,, the vac-
uum chamber, and all optical elements are fixed on and move with the
platform at acceleration «. The distance between A, and 4, is changed
from Ly to Ly + AL. AL is the acceleration-dependent displacement
achieved via atom—hght quantum interference, which is realized in
three steps. Step 1: 2; and S 1) are generated by the first stimulated
Raman scattering (SRS) in Al via input seed Zy and Raman pump P;.
The atomic spin wave is S ), where superscript 7 (i = 1, 2) indicates
different atomic ensemble Al or A,, and subscript j (j =1, 2, 3)
represents the evolution state at different times of atomic ensemble
Aj. Step 2: a4y is stored in A, as S 8@ s driven by the strong write pulse
W After memory time #,,, S,(lz), evolved from Sy $® due to atomic de-
cay, is retrieved back to 2, by ‘the read pulse R. Step 3: S,(, ), evolved
from S, (1) during the memory time, and 4, interfere by the second SRS
via Raman pump P,.

photons with long coherence times, such as rare-earth-doped
crystals [28,29]. All optical devices including the vacuum
chamber and memory element are fixed onto a mobile plat-
form. When MOT is turned on, A, and A, move together with
the platform. The distance L between two atomic systems is
fixed as L, at any velocity or acceleration of the platform.
When MOT is turned off, A4, is free-falling in vacuum, acting
as the static frame reference, and A4, remains moving with the
platform at acceleration a. L = Ly + AL changes with acceler-
ation, where AL is the displacement due to acceleration 4.
AL = $aT?, where T is the free-evolution time duration after
the first Raman scattering process and before the second one,
that is, the atom-light “wave-splitting” and “wave-recombin-
ing” processes, respectively. 7" is independent of acceleration
a and the velocity of the platform. AL can be achieved via
atom-light quantum interference. Acceleration @ can be
achieved by the variation of AL with time 7. The acceleration
sensitivity is no longer limited by the performance of the
mass-spring-damper system. This is one of the advantages of
our scheme.

The accelerometer is operated in three steps: generation of
atom-light quantum correlation via the first Raman scattering
in A;, atomic memory in A,, and acceleration acquisition via
atom-light interference. Below, we describe the calculation and
analysis in detail.

B. Generation of Quantum Correlation

Atom-light quantum correlation is generated via stimulated
Raman scattering (SRS) in A;, which is effectively an atom—
light wave-splitting process. A Stokes seed %, and a strong
Raman beam P; interact with the atoms in A, to generate
Stokes light z; and atomic spin wave Sflll) [30]. The input—
output relation of SRS can be written as 2 = G2y +
glgfz(l))Teigpl, Sg) = Gls’flé) + g a5én. 351(1)) describes the
initial spin wave, which starts from the ground state of the
atomic ensemble. G| and g, are Raman gains that satisfy
G1 =g + 1, and 0p, is the phase of beam P;.

After SRS, the generated Stokes signal 4, transmitting out
of A, and entering A,, quantum -mechanically correlates with
the induced atomic spin wave S that remains in A,. The in-
tensity fluctuations of both 4; and SV are amplified to the level
above SNL as a result of Raman amphﬁcatlon But the relative
intensity fluctuation § (mS (1) - 4}2, is squeezed below SNL by
2G2 - 1 times, due to the quantum correlation between 2, and

S, (1 (see Appendix A).

C. Atomic Memory

Stokes signal 2, propagates into atomic vapor cell 4,, and then
is stored as atomic spin wave S 4, in the writing process driven
by the write beam W. The evolution of the spin wave obeys the
Heisenberg propagation equation

9 _ . 1Qy |? Q)
atSﬂl - T—é—i—AkW-v Sa —iyay, (1)

where Qy is the Rabi frequency of W, A is single-photon
detuning, J is two-photon detuning, Aky = ky - k; is the
wave vector difference of W and Z;, y is the Raman coupling
coefficient, v is the center of mass velocity of the atoms, and
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Akyy - v is the Doppler frequency shift. The solution to Eq. (1)
is (see Appendix B)

8 = Civiwe v ane + &0 /T-ny87)

2
5 e—i(lﬂ\f\ _§+AkW~v)tW/2) @)

where 17y is the writing efficiency determined by the coupling
coefficient y; @ = kL, and kb, = 27/}, with A, the Stokes
wavelength. 6y, is the phase of the write field W 7y is the
2
a9

writing time. S’ is the initial spin wave in A,, which is in

Q 2
| Xl corresponds to the Stark ef-

the vacuum state. The term

QP .
| Xl , 0, and Oy, are acceleration-independent parameters,

fect.
which can be considered as fixed values.

After memory time %, 3'1(;), evolving from Sfj) with decay
rate ', due to atomic collisions, can be read out as Stokes 2,
with efficiency 775 by the read beam R. Assuming a reading time
tp ~ ty and defining = 11z, Stokes &, can be simplified as
(see Appendix C)

a = _ﬁg-i(A¢a+A¢u-¢o)e-rszal +4/1- ﬂe_zrth v, (3)

where V is the effective vacuum field. The phase offset ¢, can
be safely set to zero since it is independent of the measured
acceleration « (see Appendix C). The velocity-dependent phase
shift Ap, = Aky - vz, is induced by the Doppler effect due
to the center of mass motion of atoms. The acceleration-depen-
dent phase shift Ag, = Akaty(t)r - ty)/2 - k,(AL), where
Ak is the projection of Aky along the acceleration.
AL = %aTZ = %a(tl + £, + £)7)%, where #; and #, are the fly-
ing times of the Stokes light between cold ensemble A4, and
vapor cell A, forth and back, respectively. Normally, £, > |AZ|
and ty; > ty p > 1, ie., Ap, = ~k.at’, /2. The phase shift
of the Stokes field can be measured through atom-light inter-
ference between the readout field 2, returning to A, and atomic
spin wave 3'2) remaining in 4.

D. Atom-Light Interference
When a, returns to A, the atomic spin wave S'fz}) has experi-
enced free evolution for the duration of memory time #,. As a
result, the spin wave has the form Sl(li) = S’;})e‘fﬂw + FO,
with Doppler dephasing being negligible in the cold ensemble
(see Appendix D), where FO s the quantum Langevin oper-
ator, reflecting the collision-induced fluctuation and satisfying
[FOD, FDT) = 1 - 2N [24]. The decay rate T'; represents
the decoherence effect due to atomic collisions and flying
off the laser beam. For a general cold atomic ensemble, the root
mean square velocity is ~ several cm/s, and the diffusion of cold
atoms is ~1.0 mm after a memory time of 10 ms. The whole
atomic ensemble will drop 0.5 mm in gravity direction after
10 ms. The mismatch of the spot expansion and dropping
of the cold atomic ensemble plays an opposite role in quantum
enhancement by destroying atom-light quantum correlation.
However, these two effects can be solved using laser beam ex-
pansion and light path adjustment in the experiment.

a4, and SL? interact with each other in A;, which is
driven by P, with 0p =60p, and generate Stokes &,

with atomic spin wave Sf,lu)( by a second Raman scattering.

Setting /T =e¢l and /T,=e¢T>, we have the

Aoy = G140 + ngfztl))-‘- +oV+ €4J}T (see
Appendix D), where £ is the normalized noise operator, f =
FOIYT=T1 ¢ =616V 11 - G1Gy/nT e 80800, ¢y =
¢ [Grg, /T - g1 Go /TR A0 H20)), o3 = Gy T-nT>,
and ¢ =g, JT-T7.

Here, we emphasize that atomic vapor cell 4, moves with
the platform. To achieve acceleration, this requires that the va-
por atoms and cell wall move as a whole, which implies that a
robust thermal equilibrium between the atoms and the cell wall
is essential during memory time. This is realized with the as-
sistance of buffer gas in the vapor cell. In a room-temperature
cell with buffer gas at several-Torr pressure, the mean free path
of atoms is ~pum, with 2, ~ 300 m/s. This allows the vapor
atoms to remain in thermal equilibrium with the cell wall under
acceleration (see Appendix D). The ground-state coherence can
be preserved for up to 10% collisions between the buffer gas and
atoms [31]. The buffer gas can separate atoms and decrease the
collision between them. Therefore, the value of the decay rate
I'; is small [32]. Doppler dephasing (A¢,) can be avoided by
adopting near-degenerate Zeeman two-photon transitions, as
shown in Appendix E. Now the Stokes field Z,,, containing
only phase Ag,, can be measured through homodyne detection

(HD).

final  output

E. Acquisition of Acceleration
All optical devices including the vacuum chamber and memory
element are fixed onto a mobile platform. When MOT is
turned on, cold ensemble A; and atomic vapor cell A, move
together with the platform. The distance L between two atomic
systems is fixed as L, at any velocity v, or acceleration of plat-
form 2. When MOT is turned off, the movement of the cold
atomic ensemble is independent of the platform. The cold
atomic ensemble moves in uniform motion with constant
velocity vg. The atomic vapor still moves with the platform
under acceleration. Its velocity changes with acceleration,
and the distance between two atomic systems also changes from
Ly to Ly + AL, where AL = AyyT + %ﬂTz is the displace-
ment due to acceleration, with Ay, the initial relative velocity
of A; and A,, and T is independent of the acceleration « and
velocity of the platform. AL causes a phase shift. Here, Ay is
zero because the velocities of two atomic systems are the same
before MOT is turned off. Acceleration can be measured in
the direction of the seed and pump fields passing the cold en-
semble, and it can be expressed in terms of the phase Ag, as
follows:

a= AA;D L.

nt3,

(4)

Using the HD of the quadrature of Stokes field Z,,,, accel-
eration is measured, and sensitivity is given by (see Appendix E)

1
Aag = @AdSNL’ (5)

where Q, is the quantum enhancement factor. Sensitivity
breaks the SNL when Q, > 1. In general,

Q= 200 e (©)
\/G% +g% \/22:1 512




Research Article °

where ¢9 are the values of ¢, (n = 1, ..., 4) at the dark fringe.
Defining Ny = (Zlgfzo) for the input mean photon number, we
work out the SNL for acceleration measurement:

A
oI VAT (7)
7/ (GiNy + giNo)ty,

where G N and g2 N, are the particle numbers of Stokes sig-
nal Z, and atomic spin wave Sfl}), respectively. Acceleration sen-
sitivity depends on the phase sensitivity of atom-light
interference, whose SNL is determined by the total phase-sen-
sitive particle number (G? + g2) N, of two interference beams,
signal 4; and atomic spin wave 8¢ ./ Here, quantum correlation
between S'SZP and 2, is key to breaking the SNL in acceleration
sensitivity.

Aagyy, =

F. Accelerometer Sensitivity

To obrtain the best sensitivity in the acceleration measurement,
it is essential to decrease Aagyy itself and increase quantum
enhancement factor Q,. In general, Aagyy can be reduced
by increasing the input particle number /Ny and prolonging
memory time #,;. However, this is usually constrained in real-
istic experiments. In this sense, quantum enhancement pro-
vides just an alternative way to further improve sensitivity
through SNL breaking.

Factor Q, is complicated, and we numerically analyze the
behavior of Q, in Fig. 2(a) as a function of 7'y and 77
(T =nT,) for a different Raman gain G, under a given
G,. The larger T}, T}, and G, the larger Q,. The red solid
curves with Q, = 1 in Fig. 2(a) set a critical boundary of the
SNL, which reflects a balance of competition between losses

100° 1 10%° 10

10?2 10 10

02 04 06 08 1 02 04 06 08 1

(b)

2 4 6

o

Gy Gy
Sensitivity Aa (g/Hz'?)

1075 107 1088 10° 105 10°

Fig. 2. (a) Quantum enhancement factor Q, versus 7'y and T
when G, = 2 and 8, respectively. (b) Sensitivity versus s and G, when
T, = 0.5 and 1, respectively. s = 775/ T is the ratio of two beams’
losses. The red curves mark Q, = 1 for SNL. Sensitivities within the
red curves can beat the SNL. Parameter settings: No= 108, G 1 =38,
A, =795 nm, and #,; = 1 ms.
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and quantum correlation. The region within the curves marks
Q, > 1, representing quantum enhancement.

On the other hand, in terms of Eq. (7), the gains G, g1, and
Ny determine the SNL for acceleration sensitivity. To set an
SNL as low as possible in the measurement, it is essential to
achieve gains as high as possible. Hence, we assume G| > 1
for numeric analysis. Sensitivity Az is shown as a function
of s=T7)/T, and G, under given G| and N, in Fig. 2(b).
The quantum enhancing region associated with Q, > 1 is
marked as the same within the red solid curves. Obviously, high
gain G, and low losses can greatly enhance sensitivity due to
the sufficient exploitation of quantum correlation. In addition,
quantum enhancement of sensitivity well exhibits a loss toler-
ance, and highly depends on the balance of losses defined by
the ratio 5. The best sensitivity appears near s = 1 for high
gains, where the atomic and optical losses are well balanced.
In particular, sensitivity can keep beating the SNL through
quantum enhancement until losses approach the limit

T ~T}~0.5.

G. Measurement Bandwidth

Sensitivity Aa is the result determined by one single-shot mea-
surement approximately completed in memory time #,;, which
gives the upper limit of the MQA's frequency f .. = 1/ In
realistic experiments, if the setup of the system takes time z,,
and stable operation for M-times repeating measurements takes
time ¢, = Mt;, then the overall sensitivity of the accelerom-
eter is given by Aa,=Aa/\/fug < (fi)'> where
feff = fmaxto/(t: + to)‘

There is a trade-off between sensitivity Az, and bandwidth,
as shown in Fig. 3. In general, sensitivity Az, has a 3/2 power-
law dependence of bandwidth, indicating that sensitivity de-
grades in the high-frequency region. In Fig. 3, we see that when
the losses of the system remain low enough, the accelerometer
exhibits well the quantum advantage to achieve an SNL below
sensitivity with a broad range of frequencies. Sensitivity rises
above the SNL at low frequencies with losses. As a comparison,
some available data of sensitivities for previously reported

10 1% ! '
\
\
o«
£ 10°1 ]
<
; (@]
2
s — = I'=I'2=1kHz
2 108 e T1=T'2=0.1kHz | [
E 157  |um I'1=I"2=0.01kHz
——|ossless
——SNL
10710 4 " X
102 10° 104 10°

Bandwidth (Hz)

Fig. 3. Sensitivity as a function of bandwidth under the conditions
G =8, No= 10° A, = 795 nm, and 5 = 1. The data of other re-
ported accelerometers are given as comparison. Dark green diamond:
microchip optomechanical accelerometer [14]. Orange pentagram:
micromechanical capacitive accelerometer [18]. Purple hexagram:
MEMS accelerometer [6]. Gray circle: optical accelerometer [15].
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accelerometers are labeled in Fig. 3 as well. Overall, the MQA
has great potential in highly-sensitive measurements of accel-
eration.

With the available experimental conditions, e.g., Ny = 10°
per pulse, Raman gain G, =8, G, =2, MOT cycle
t, = 30 ms [33,34], memory time #;; ~ 10 ms [35,36], we
can achieve single-shot sensitivity 23 ng at frequency
100 Hz. Finally, the sensitivity is ~4.6 ng/~/Hz.

For the traditional interferometric accelerometer, the only
method to improve sensitivity at a high bandwidth is to increase
the quality factor Qs of the damper, which is technically hard
to implement. In our scheme, sensitivity at a high bandwidth
can be improved by increasing the Raman gain or the number
of initial photons and trapping cold atoms, making it much
easier to operate.

3. DISCUSSION AND CONCLUSION

We present an innovative principle for a quantum enhanced
accelerometer. There are several significant advantages over
other interferometer-based accelerometers: broad bandwidth,
SNL below sensitivity, and mechanics-free sensing flexibility
compared to mass-spring-damper systems. The dynamic range
of acceleration depends on that of phase measurement, which is
from the phase sensitivity to 2z. With 4, of 795 nm, the dy-
namic range of acceleration of a single shot is from 23 ng to
1.59 mg with 73, = 10 ms, and from 2.3g to 1.59x 10° g
with #;; = 1.0 ps. It can be seen that the dynamic range is
~48 dB with a fixed 7;,. Furthermore, the measurable range
of acceleration is from 23 ng to 1.59 x 10° g, ~128 dB, only
by adjusting #,; to suitable values. In future applications of the
MQA, a long atomic coherence time of A, , and high memory
efficiency # are crucial to achieve high sensitivity. Large optical
depths for A, , are required to ensure enough atomic numbers
to achieve a large input particle number NV and high gains, so
as to lower the level of Aagyy and raise the quantum enhance-
ment factor Q,.

We emphasize that this work building the MQA is based on
quantum correlation. The physics behind this is universal.
Hence, the principle presented in this paper is not limited only
to the atom-light coupling system, but can be extended to
other systems that can generate and preserve quantum correla-
tion, such as rare-earth-doped crystals [28,29]. Specifically, one
crystal can be trapped and released to generate light—crystal cor-
relation. The other crystal, fixed on platform, acts as the quan-
tum memorizer. Acceleration sensitivity also depends on the
phase-sensitive particle number and memory time.

APPENDIX A: GENERATION OF QUANTUM
CORRELATION

Step 1 and step 3 in the accelerometer scheme are SRS proc-
esses. The atomic levels and optical frequencies are shown in
Fig. 1. In the SRS process, a pair of lower-level meta-stable
states is coupled to the Raman pump P; (or P,) and the
Stokes field 2, (or 3) via an upper excited level. After adiabati-
cally eliminating the upper excited level, this is a three-wave
mixing process involving the Raman pump field, Stokes field,
and a collective atomic pseudo-spin field S,. The coupling
Hamiltonian is given by [37,38]

H = ihéat ST + he, (A1)

where £ is the coupling coefficient. The time evolution for 2
and S, is given by

= Ga, +g§lgei€P,
S, = GS‘dO —i—gfzgeiep. (A2)

In the case of Raman amplification, G, being the Raman gain,
is larger than one, and g=+/G? -1 with 0p the phase of
Raman pump beam. In the following, we use G, (j = 1,2)
to describe the gain of the jth SRS process.

After the first SRS process in a cold ensemble A (see step 1
in Fig. 1), the Stokes light Z; and atomic spin wave 52) are
generated and written as
2’1 = GIZZO +g1 S\‘Ez(l])"'el"gpl , 3"(11) — GISEJE)) + g] &Selﬂpl s

(A3)

and they are temporally correlated. This correlation can be
demonstrated by calculating the relative intensity variance.
After the first SRS has occurred, their intensities are

(ala)) = GHabao) + g2 ~ GHaja),
(SWIBDY = g2(ata) +g1 ~ (G} - Vajay).  (A4)

The number difference operator 4}, S(l TS(l) describes the
relative intensity fluctuations. After the first SRS process, the
relative intensity fluctuation is given by

Var(@[a, - 880 = Var(afay) = (aa0), (A5)

where we consider an SNL input light Var(?zgfzo) = (213&0).
The SNL is then the shot noise that would be expected for a
differential measurement made with equivalent total power.
For the output fields, the SNL is (ATZZI + 5(1) S(l))
(262 - 1)(@ja).

Provided the input beams were originally SNL, this SRS
process enables sub-shot noise measurements to be made.
This is quantified by the “degree of squeezing” (DOS), which
is the ratio of the variance of squeezed beams to the variance at
the SNL, namely,

_ (@) 1
(G- D{aha) 263 -1

The variances in the number operator of one beam alone under

SRS are
Var(2a,) = GiVar(afay) + GXH(G? - 1) (@)
= G2(2G% - 1) (&) 2), (A7)

(A6)

and
Var(ST8) = (G} - D)2 Var(zya0) + GHG? - 1){aja)

= (G} - DQGT - D(@ga). (A8)
Using Eq. (A3), the DOS is DOS = 2G? - 1. This corre-

sponds to a linear increase in the noise on the two beams as
gains are increased.
After SRS, the intensity fluctuation for 4, or S( ) alone is

larger than SNL with G > 1. But relative intensity fluctuation
217;211 - szi)TS,(IP is smaller than SNL by 2G? - 1 times. That is,
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a; ot S( ) is quantum correlated. The second SRS process (see
step 3 i in Fig. 1) for correlation generation between 25 and S(l)
is similar to the above result.

APPENDIX B: MEMORY PROCESS

The Hamiltonian in the writing process can be written as
follows:

H = hyaS + hc., (B1)

where y is the coupling coefficient. Since the pulse time is rel-
atively short, the writing process can be considered approxi-
mately lossless. The evolution equations for 4 and S, are

0 0 4
Eﬂ— —Z){ Sﬂ, ESﬂ: —Z')(ZZ, (B2)

where y is the coefficient associated with the write beam.
Considering the detuning and the Doppler effect due to atomic
center of mass motion with velocity v, the evolution of $,, cou-
pling to field 2, can be described by the matrix equation

oraN _ (0 x* a

as)=-( o)) B3
where ay = |Qu|>/A -6+ Aky, - v, Qy is the Rabi fre-
quency of the write field W, A is single-photon detuning, &
is two-photon detuning, and Aky = ky - k; is the wave vec-
tor difference of W and 4. By substituting the following initial
conditions into coupling Eq. (B3):

Zl(t = 0) = 2l1€l¢, Q= k:L()y
Q Q2
8.0 = 0) = 52, (B4)

we obtain the following solutions:

3',(1?) = e“""W’W/Z{ [—iMe’HW <—Wl‘w)] ae?
Pw
w w (2
+ {—zﬂ—w sin (— tw> + cos (7 tw>} 52 },
~ i 2|)(| i . w <2
ap =¢ (XWIW/Z{ [—lﬁf Ow sSin <7fw SEZU)
+ {z— sin (—WtW> ~+ cos (—Wtw>} i ei"’}, (B5)
Pw 2

where Oy = arg(Ay) is the write beam phase, Sy =
Val, + 4|y|?, and 4; is the Stokes signal leaked out from

atomic vapor cell A, during imperfect storage. It is easy to find
that

2ly| .
-1 M e sin (W tW)
Pw

4w sm( + cos (—tW> ‘2 =1. (B6)
P

w /; Sln(ﬂw tw),  T-nye™ =
Ay

. . B 5 .
—igr sin(5- #y) + cos(5-ry), and 1y, represents the write

+

We can set

efficiency. Oy, is the phase induced by the writing process,
which can be considered as a fixed value. Then,
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5(2) _ e—laWtW/Z[ «/_ Oy i 6 4 o0, /———Wﬂw S(z)

AN ity J2] -0y O(2) -6
ay = eiwwl2[_g firye vSe) e \/1 -y e?].
(B7)
During the storage period ¢, atomic vapor is subject to accel-
eration a, which causes a change of atomic center of mass

velocity v — v + az, and to the decoherence with decay rate
I'; due to atomic collisions. These result in the evolution of

the spin wave Sg) into S’g) = Sf,?)e’rzw ) 4 [ where
¢(Z'M) = (;M AkW -vdt = AkW < Vi =+ AkW . atlz\,l/2, and
F@ is the Langevin operator describing the noise, and satisfies
[1’5(2)’;;(2)7] — 1 — ¢ 2atu [24].

APPENDIX C: READOUT PROCESS

After storage, the spin wave is read out by a read beam with
Rabi frequency Qp, and the readout field propagating into cold
ensemble A, has the form

A = e—iaRtR/Zeikf(Ln-&-AL)(_l-\/%e—iﬁk:s\f) + o0, /—1 _’71?2))
2
(C1)
where L is the distance between cold ensemble A, and

atomic vapor cell A, before MOT is turned off, AL is the ac-
celeration-induced distance change, ap = 2 _ 5 4 Akp - v,

Pr = /% + 4|x|*, Oy is the read beam phase, # is the read-

ing time, and Aky = kj - kg is the wave vector difference of
read field R and 2,. We set J/ngp= % sm(ﬁR ),

VT = ngpeth = —j% sm(ﬁk tr) + cos( tg), with 1z the read
efficiency. Op, is t(w phase induced by the readout process,
which can be considered as a fixed value,

Finally, 2, can be expressed as the following via the input

light field Z;:

i = o-irtr/2 pik (Ly+AL) (=i \/,ﬁ[iak 3512) 4P /1= '71277)
2
— e—iaRtR/Zgi/e:(Lo-&-AL)[_l' /"rlRe—iGR (S\-;Z)fI’ZW f—iqb(tM) 4 1?;(2))
1

+ e\ /T = zb]
— e—iaRtR/ZEi/ej(LO-&-AL){_l'\/—e—iﬂk [e—z‘awtw/z
x (- «/*—dlé‘zewfde Lo 4 it \/1_—5‘(’?
x e Tatar gt ear) F(z)] + ey mb}
= _el(awtwtarep) /2+¢(tr) -k (2Lo+AL)]
% ei(gwfek) \/W(FZ”M% + Da (02)

where the total noise operator D= e @wiwtart)/2,

PEAD [ [T )00 T 03D _ . .
o~ 0r piawtw /2 (2) 4 70y Meiawz‘yﬂ;]’ S‘%) and b are
vacuum inputs of the spin wave and light field, respectively,

with operator & satisfying the bosonic commutation relation
5 oA > @) i

[6,6'] = 1. Here, the spin wave §,’ can approximately be
treated as a bosonic field [SE,? , S%”] ~ 1 because the number
of atomic spin excitations is much smaller than the total atomic
number. The commutation relation of operator D is

[D, D] = 1 - nynge 2, (C3)
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and for convenience, operator D can be normalized to

1 - nynge 22 V, with V being the effective vacuum
field and satisfying [V, V1] = 1.

In addition, without loss of generality, assuming that
Qy = Qp, 1y =ty Akz=-Aky, and considering
v —>v+ary at the readout time, the phase term in
Eq. (C2) is

(awtw + agtr)/2 + ¢(tr) - k(2L + AL)
= (ay + ap)tw /2 + ¢(ty) - k;(2Ly + AL)

Q 2
= (%— 5) twy + AkﬂtM(tM - tw/)/2 + AkW “ Vi

~ k2L, + AL)

=A¢, + Apy - @os (C4)
where Ak is the projection of Aky along a, and
po=-(&L_ )1y + 2k Ly,  Ap,=Aky vy, Ag,=
Akaty(tyr - ty) /2 - k(AL). @q is a determined overall phase
offset accumulated by the Stark effect, two-photon detuning,
and propagation distance Lj. The velocity-dependent phase
shift Ap, = Aky - vty induces decoherence due to the de-
phasing process from atomic thermal motion. Ag, is the accel-
eration-dependent phase shift. The reading and writing beams
originate from the same laser, and their phases satisfy
Ow - 0 = 0. Finally, defining # = nynz Stokes &, can be
simplified as

@ = _\/ﬁg*i(AlﬂaJrAfﬂffﬂo)efrszZZI + /1= ,75*21"2'/‘1\/1 174 (C5)

@ can be set to zero by adjusting the initial setup of the system
since it is independent of the measured acceleration a. The ac-
celeration rate can be measured by reading out the phase shift
Ag, through atom-light interference between the readout field
4, returning to cold ensemble A, and atomic spin wave S’l(l})
remaining in A4;.

APPENDIX D: ATOM-LIGHT INTERFERENCE

First, we analyze the time evolution of the spin wave Sg) re-
maining in cold ensemble A; during the memory process. Spin
wave S ﬂ}) evolves to 52) with decay rate I}, which is given as

3"(11) — Sfl})e’rlfMei‘s’Me’iAkpl Viu ﬁ(l)’ (D1)

where Akp; = kp; - kg is the wave vector difference of pump
field P, and 4,, and FO is the quantum statistical Langevin
operator, which reflects the collision-induced fluctuation and
satisfies [F), FVT] =1 - ¢ 2, The decay rate T'; repre-
sents the decoherence effect due to atomic collisions and flying
off a laser beam. For a general cold atomic ensemble, the root
mean square velocity is ~ several cm/s, and the diffusion of cold
atoms is ~1.0 mm after a memory time of 10 ms. The whole
atomic ensemble will drop 0.5 mm in gravity direction after
10 ms. The spot expansion and dropping of the cold atomic
ensemble can result in a mismatch between returned light
and atomic spin wave. However, these two effects can be solved
using laser beam expansion and light path adjustment in the
experiment. The dephasing induced by atomic motion is very
slow. Thus, on the time scale, 7y, ~ ms, dephasing can be safely
ignored. Finally, considering the two-photon resonance in this
work, Sg) ~ SgPe-FI’M + FO,

Light fields 2, and S,(li) interact with each other in cold en-
semble A, and generate Stokes Z,,, and atomic spin wave S,(li\)“

by a second Raman scattering 7,. The input—output relation of
the second SRS can be written as

doye = Gatty + g, 32” 0 (D2)

Raman beams P and P, originate from the same laser, and
their %)hases satisfy 0p -6p, = 0. The combination of 2,
and § di)T, output field Z,,, from ensemble A;, is given by

Aoue = G120 + stt(zlﬁ +oV+ €4]A[T, (D3)

where the normalized noise operator ]A( = FO /1 - eiiu,
with [£, f] =1, and

G = g1g2¢ 1 = GGy e B0t A,
G = eie”z[G1gz€_rltM - g1 Gy e Bv AR,

¢ =G/ 1- ne’zrz’M, Gy = gzeiaf’z V1 -2,

The acceleration-dependent phase shift Ag, = Akaty(ty-
tw)/2 - k(AL), with AL =1a(t, + t; + ts)*, where #,
and r, are the flying times of Stokes light between A; and
A, forth and back, respectively. Normally, £, > |Ak| and
ty >ty > b, ie, A, -kat /2. The phase shift
A, can be measured through the readout field Z,,, which
is affected by optical loss # and atomic decoherence including
e, =20t induced by collision, and 2% induced by
atomic thermal motion.

APPENDIX E: ACCELERATION SENSITIVITY
USING HOMODYNE DETECTION

All optical devices including the vacuum chamber and memory
element are fixed onto a mobile platform. When MOT is
turned on, cold ensemble A; and atomic vapor cell 4, move
together with the platform. The distance L between two atomic
systems is fixed as L at any velocity or acceleration of the plat-
form. When MOT is turned off, A; is free-falling in vacuum,
acting as a static frame reference, and A, remains moving with
the platform at acceleration @. L = Ly + AL changes with the
acceleration, where AL is the displacement due to acceleration
a. AL = AvyT + $aT?, Ay, is initial relative velocity of 4,
and A4,, and T is the free-evolution time duration after the first
Raman scattering process and before the second one. Ay is
zero because the velocities of two atomic systems are the same
before MOT is turned off. 7" is independent of acceleration
and the velocity of the platform. AL causes the phase shift.

The phase shift induced by acceleration can be measured via
atom-light quantum interference. It is noted that the scheme
can measure acceleration only in the direction of the seed and
pump fields passing the cold ensemble, and its sensitivity is
[20,24]

oz 2 SOONE
73, 100/l

where O is the measured operator related to the phase shift.

We use HD to measure the interference output field 7,
where the measured operator is the quadrature operator
X = Gy + 26, where 6, is the phase of the local
oscillator.

(E1)
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As 4 is coherent light |a) (@ = |ale®®), according to &y, of
Eq. (D3), the slope is given by

o(x)
o(Ap,)
2
=2 exp( ) Ve G G,\/Nysin(0; + 0, - Ag,).
(E2)

The dephasing term exp(-#3,/7%) comes from the velocity-de-
pendent phase shifc Ag,, where 7 = +/2/(Aky) 8,y With the
root mean square velocity of atoms o, = /k3 1 /m [39,40].

When 6; + 6, - Ap, = /2, the slope |0(X)/d(Agp,)|
reaches its maximum.
The variance is
(A2%) = |61 + |2l + les* + lesl?, (E3)

where coefficients

2

13
|g1| —=|_ b0, exp( M) -szMG Gy, + ¢ 1fMg1g2
T

>

2
; t
|2 :‘Glng_rlt’" - Gyg e exp <— T_[g> Jne i,

o3l = Go/1 - e 2, gy = g,V 1 - e, (E4)

reach their minimum at A, ~ 0, giving the minimal vari-
ance (A2X).

The decay terms e™l1"4, ¢T2% and the dephasing term
exp(-#3,/7%) degrade the sensitivity of acceleration measure-
ment. The decoherence time 7 = ~/2/(Aky,,) depends
on the Aky and root mean square velocity ,,,,, of atomic ther-
mal motion. To reduce the effect of Doppler dephasing, one
can employ laser-cooled atomic gas with low 7,
degenerate sublevels to achieve very small Aky,. However, in
our design, the second cell A, with atoms in it is assumed as a
whole to be attached to the platform, sensing the acceleration.
For this purpose, the atomic thermal motion in the cell must be
rapid enough to remain in thermal equilibrium with the cell
walls under acceleration. In this sense, a vapor cell with buffer
gas is essential, ruling out the usage of laser-cooled atomic gas.
The collision between buffer gas and atoms almost has no effect
on hyperfine coherence in principle. In a reported paper,
ground-state coherence can be preserved for up to 10% colli-
sions with buffer gas [31]. The atoms of buffer gas can separate
the original atoms and decrease the collision between them.
Therefore, the value of the decay rate ', in Fig. 3 is small
[32]. For a negligible dephasing effect, e.g., 7)/7 =
tar (Al )i /2 ~ 0.1, we work out Aky ~0.1x+/2/
(Drmstar)- For a typical room-temperature vapor cell with
Dins ~ 300 m/s  and  giving #3, ~10 ms, Aky ~2.3x
27 MHz/c. This can experimentally be realized by choosing
Zeeman sublevels with frequency differences near MHz for
two-photon transitions [36].

Based on the arguments above, the acceleration sensitivity is

Oor use near-

/1 A2X 1
N — Aagnrs (ES)
m‘M a(x) Qg
d(Ag,)
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where Aaq; & ———=2—— is the SNL for the accelerometer,
SNL V Gi+giNoty,

and Q, is the quantum enhancement factor:
2G,G Tt
o (€6)

where ¢ (n = 1, ...,4) are the values of ¢, when the MQA is
operated at the dark fringe with a small phase shift.

Q =
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