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This Letter presents a nonclassical mechanism of two-atom interferometry. The two-atom interferometer
introduces two different yet indistinguishable alternatives for randomly paired atoms to create a joint atomdetection event. The superposition of two-atom amplitudes yields two-atom interference with peculiar features
which outshine the classic atom interferometer: (1) two-atom interference is still observable when the time delay
of the interferometer is greater than the coherence time of the atom beam and (2) two-atom interference may
eliminate phase noises, including background, variation, turbulence, and Raman laser induced phase noises,
thereby allowing for higher sensitivity and stability sensing than is achievable by classic atom interferometers.
These features are crucial in high sensitivity-accuracy acceleration and rotation measurements. The presented
concept and mechanism of two-atom interference can be adapted to other matter-wave interferometers, such as
two-neutron interferometer and two-electron interferometer.
DOI: 10.1103/PhysRevA.103.L031303

A classic atom interferometer introduces two different yet
indistinguishable paths for an atom to create an atom detection
event at space-time (r, t ). The superposition of the two quantum amplitudes yields an interference pattern in space-time
which is interpreted as the probability of observing an atom at
coordinate (r, t ). In Dirac’s language, the atomic interference
phenomenon is the result of an atom interfering with the atom
itself. A two-atom interferometer introduces two different yet
indistinguishable paths for a pair of atoms to create a joint
atom-detection event at space-time (r1 , t1 ; r2 , t2 ). According
to quantum mechanics, the superposition of two-atom amplitudes yields a two-atom interference pattern in space-time,
which is interpreted as the probability of jointly observing two
atoms at coordinate (r1 , t1 ; r2 , t2 ). It can be said this interference phenomenon is the result of a pair of atoms interfering
with the pair itself. In this Letter, we propose, study, and
analyze the mechanism of two-atom interferometry, which
can be adapted to other matter-wave interferometers, such as
two-neutron interferometer and two-electron interferometer: a
pair of matter-wave interference with the pair itself.
Two-photon interference phenomenon has been studied
since the time of Hanbury-Brown and Twiss [1]. The formalism for second-order coherence of radiation developed by
Glauber [2] and the research of entangled two-photon systems significantly advanced the development of two-photon
interferometry and discovered interesting and attractive features of two-photon interference [3]. A recent study of
two-photon interference of a thermal field has also explored
attractive features of a two-photon interferometer for high
sensitivity-accuracy measurements in “noisy” environments
[4]. Advances in laser cooling and trapping have led to interest
in higher order coherence correlations of atomic wave packets
[5,6]. Two-atom correlations were first demonstrated in an ultracold atomic beam in 1996 [7] and later for ultracold atoms
2469-9926/2021/103(3)/L031303(5)

and Bose-Einstein condensates (BEC) [8–11] and atoms in an
optical lattice [12].
The development of atom interferometers which yield significantly higher sensitivity to external potentials than photon
interferometers [13–17] leads to the question of whether it is
possible to adapt the mechanism of two-photon interference
of thermal light to two-atom interferometry. Can randomly
paired atoms in thermal state interfere with the pair itself, and
if so, is this interference measurable by means of a two-atom
interferometer? If possible, a two-atom interferometer should
achieve much higher sensitivity and accuracy in acceleration
and/or rotation sensing than is achievable by a two-photon
interferometer.
Figure 1 schematically illustrates the working mechanism
of the proposed two-atom light-pulse atom interferometer,
which is the same as a classic one-atom interferometer
[18–20], except for the use of two detectors for joint atomdetection of two atoms. This type of interferometer uses
optical fields to create two different yet indistinguishable
probability amplitudes for an atom-detection event or a joint
atom-detection event of two atoms. First, the one-atom interferometer will be described, followed by the two-atom
interferometer and its unique properties. The interferometer
uses three excitation lasers, L1 , L2 , and L3 , corresponding to
π /2, π , and π /2 Raman pulses, analogous in purpose to the
matter-based beam splitters and mirrors of optical interferometers [21,22].
Assume the interferometer is sourced by a continuous atom
beam transversely cooled with respect to its propagation direction [23]; the beam contains a large ensemble of randomly
distributed atoms in their ground state with an initial momentum distribution about momentum p0 . In the basis for which
the atomic state is a tensor product of internal energy and
momentum Hilbert spaces [21], the state of the mth atom
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from c2 to c1 for A and vice versa for B . Along A ,
 

A
)
 A (3τ + T ) = c1,m (3τ + T ) e−i(φ1,m −φ2,m
|1 ,
m

(3)

where the wave function is redirected along the initial momentum vector. On path B , the wave function becomes
 

B
+π/2)
 B (3τ + T ) = c2,m (3τ + T ) e−i(φ2,m
|2
(4)
m

FIG. 1. Two-atom π /2-π -π /2 light pulse interferometer in
which the cross-correlation terms are independent of path-dependent
phase noise and the one-atom phase contrast is eliminated.

is given as |1 ⊗ |p1,m  in the ground state and |2 ⊗ |p2,m 
in its excited state. Due to the interaction with the spatial
dependence of the electric field, absorption or emission of a
photon results in a momentum transfer of h̄k with h̄k ⊥ p0 ,
as shown in Fig. 1. With the normalized complex amplitudes,
c1,m and c2,m , the state of the mth atom is
|m (t ) = c1,m (t ) |1 ⊗ |p0,m 
+ c2,m (t ) |2 ⊗ |p0,m + h̄k ,

(1)

where p0,m is the initial momentum of the atom. The probability amplitudes prior to the first laser field are c1,m = 1 and
c2,m = 0.
Due to the interaction with the first laser field, the wave
function is superposed into both the ground and excited
states. The ground-state wave function keeps its propagation
direction (path B ); however, the excited state probability
amplitude is kicked into a slightly different direction (path
A ). During propagation along A or B , the wave packet
acquires phase contributions due to the interaction with the
excitation lasers, designated φ1 , φ2 , and φ3 , as well as during
free evolution between the laser fields. Note that the phase
contribution from L2 is added into both the upper path φ2A and
lower path φ2B trajectories.
In the interaction picture, without considering the contribution from the spatial dependence of the electric field and
in the limit that spontaneous emission is negligible, after the
first π /2 light pulse with time duration τ , the mth atom is in a
coherent superposition of |1 and |2 as follows:
|m (τ ) = c1,m (τ ) |1 + c2,m (τ )e−i(φ1,m +π/2) |2 . (2)
√
In the idealized situation, c1 (τ ) = c2 (τ ) = 1/ 2. The excited
state acquired an addition phase term due to the atom-photon
interaction while the phase of the ground state is left unaffected by the first laser field.
Following a period of free evolution, T , the wave function
interacts with the second laser field. Unlike the first field,
which superposes the wave function into both the ground
and excited states, the Raman field ideally drives a π pulse
resulting in complete inversion of the probability amplitude

and acquires a momentum component through the absorption
of a photon.
After a second period of free evolution, T , the wave function undergoes another π /2 pulse, further superposing each
arm into both the ground- and excited-state output ports of the
interferometer. The wave function of the excited state output
port (which is the only port that will be considered here), at
time t = 4τ + 2T , has contributions from both A and B
given separately by
  
A
+φ3,m )
 A (t ) = cA (t )e−i(φ1,m −φ2,m
|2 ,
(5)
m
2,m
 

B
 B (t ) = cB (t )e−iφ2,m
|2 .
(6)
2,m
m
This result will be used throughout the remainder of this paper
and therefore several substitutions are made for simplification.
The upper and lower path laser phase contributions for the mth
A
A
B
≡ φ1,m + φ3,m − φ2,m
and φL,m
≡
atom will be written as φL,m
B
φ2,m respectively (the common π /2 phase factor has been
omitted). The laser contributions result in a constant phase
shift between the two arms of the interferometer dependent on
the relative phases of the three Raman fields. Additionally, the
phase evolves during the periods, T , between the Raman fields
according to the classical action [24,25]. The accumulated
phase φ i for i = A, B is path dependent and defined by

1
φ i =
L(r, ṙ; t )dt,
(7)
h̄ i
where L(r, ṙ; t ) is the Lagrangian of the kinematic motion of
the atom in the limit that the path length is large compared to
h̄. This results in the path-dependent phase accumulation for
the mth atom

φ i =
(km · dr − ωm dt ),
(8)
i

where p = h̄km is the kinetic momentum and Em = h̄ωm is the
kinetic energy of the atom. In measurements of inertial potentials, the output phase of the interferometer relies on the ability
to measure the differences in phase evolution between φ A and
φ B at the detection point. Therefore, the full propagation over
A and B can be written in terms of the phase contributions
from the first excitation field to the closure at the third field.
The state |m (r, t ) of the mth atom at space-time coordinate
(r, t ) of the atom-detection event is thus the superposition of
all possible interferometer paths, i = A, B:


 i (r, t )
|m (r, t ) = e−iφ0m
m
i
A

A
= c2,m
(t )e−i(φL,m +φm ) e−iφ0m |2
A

B

B
(t )e−i(φL,m +φm ) e−iφ0m |2 ,
+ c2,m
B

where e−iφ0m is the initial random phase of the mth atom.
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Now, consider the state of a mixed ensemble of atoms
which can be involved in an atom-detection event or a joint
atom-detection event,

|(r, t ) =
(|0 +  |m (r, t ))
m

 |0 + 
+

2





|m (r, t )

m

|m (r, t ) |n (r, t ) + · · · ,

(10)

m,n

where   1, |0 results in no detection and m runs over the
total number of atoms. Note that the state is written in terms
of the interaction picture.
The effective wave function of an atom is defined by considering the probability of an atom observation, or detection,
event occurring at (r, t ):
P(r, t ) =

(r, t )|(r, t )E n




n (r, t )|
|m (r, t )
n

=

n (r, t )|



m,n

=



En

m




| f  f |m (r, t )
En

f

| 2|m (r, t )|2

m

≡



|ψm (r, t )|2 ,

(11)

m

where the outer bracket denotes the ensemble average and
ψm (r, t ) ≡ 2|m (r, t )

(12)

is defined as the effective wave function of the mth atom. In
the above derivation, the identity operator 1 = f | f  f | =
|0 0 + |1 1| + |2 2| is used.
Utilizing the effective wave functions defined above, the
probability of observing an atom at space-time coordinate
(r, t ) is as follows:
P(r, t ) = |(r, t )|2 En



=
ψn∗ (r, t )
ψm (r, t )
n

=



m

ψm∗ (r, t )ψm (r, t )

En

m=n

+



En



ψn∗ (r, t )ψm (r, t )

= n(r, t ),

En

m

∝ [1 + cos( φ +

φL )],

n(r, t )

m

(13)

where n(r, t ) is the mean atom number and
n(r, t ) is
the atom number fluctuation. The atom number fluctuation is
averaged to zero by taking into account all possible random
phases of the wave packets. Expanding the effective wave
function into its upper and lower path components and assum-

(14)

where φ = (φ B − φ A ) and φL = (φLB − φLA ).
The modulation depends on both the differences in phase
path evolution φ and phase accumulated from interaction
with the Raman fields for each path φL . φ is the only
phase term that carries information about rotation and acceleration of the interferometer and thus the expected observable.
The other phases such as φL are at best a constant offset.
However, in the case for which there is path-dependent random phase variations, for instance, on the Raman fields, this
noise is indistinguishable from the measurement of φ and
leads to a reduction in the interference contrast [26], equivalent to path-dependent turbulence. The phase shifts in the one
atom interferometer are limited by random path-dependent
phase fluctuations, namely laser noise. Additionally, as the
interference for the thermal state is the result of a single atom
interfering with itself, the path difference between the arms of
the interferometer B − A must be less than the coherence
length of the atom lc .
Interestingly, our recent work on two-photon interferometry [4] has shown that these path-dependent random-phase
variations do not contribute to the two-photon interference
modulation (namely, the two-photon interferometer is free
of turbulence) and that the path difference B − A may be
larger than the coherence length of an individual atom. This
Letter will show a two-atom interferometer and by extension other two-matter-wave interferometers exhibit similar
turbulence-free nature.
The second-order correlation measurement involves the
joint two-atom observation at space-time points (r1 , t1 ) and
(r2 , t2 ). The second-order correlation measurement results in
a product of the first-order interferences, if the first-order
measurements are both first-order coherent; however, this is
not the interest of this Letter. The interest here is for the case in
which no interference is observable from the classic first-order
measurements. The following shows that even if both firstorder measurements have lost their interferences due to noisy
environments, or the atom beam itself is first-order incoherent,
the second-order atom number fluctuation measurement still
produces observable two-atom interference.
The probability of a joint atom-observation or atomdetection event occurring at (r1 , t1 ) and (r2 , t2 ) is calculated
as follows:
P(r1 , t1 ; r2 , t2 )
2 
2 
 
 





ψm (r1 , t1 ) 
ψ p (r2 , t2 )
= 

En

m=n

∝ n(r, t ) +



A
B
and c2,m
are equal, the mean atom number is thus
ing c2,m


2
 A
B


ψm (r, t ) + ψm (r, t )
n(r, t ) ∝

=

 
m,n,p,q

p

En

ψm∗ (r1 , t1 )ψn (r1 , t1 )ψ p∗ (r2 , t2 )ψq (r2 , t2 )


,
En

(15)
in which m, n, p, and q each label individual atoms of the ensemble. When taking into account all possible random phases
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of the wave packets, the only cross-correlation terms which
survive are for m = q and n = p and the self-correlation terms
survive for m = n and p = q. The second-order correlation
function reduces to
P(r1 , t1 ; r2 , t2 )



∗
∗
=
ψm (r1 , t1 )ψm (r1 , t1 )
ψn (r2 , t2 )ψn (r2 , t2 )
m

+

En

n



ψm∗ (r1 , t1 )ψn (r1 , t1 )ψn∗ (r2 , t2 )ψm (r2 , t2 )

m=n

En

∝ n(r1 , t1 ) n(r2 , t2 ) +

n(r1 , t1 ) n(r2 , t2 ),

(16)

indicating a set of two-atom superposition between the following two-atom amplitudes: (1) the mth atom is observed at
(r1 , t1 ) while the nth atom is observed at (r2 , t2 ) and (2) the
mth atom is observed at (r2 , t2 ) while the nth atom is observed
at (r1 , t1 ). In Eq. (16), the cross terms of the two-atom superposition results in the atom-number fluctuation correlation
n(r1 , t1 ) n(r2 , t2 ), while the mean atom number at (r1 , t1 )
and (r2 , t2 ) contributes a constant to the joint-atom measurement. In the first-order incoherent case, the atom number
fluctuation correlation still results in a two-atom interference
modulating based on the phase difference between the two
paths.
Considering the two indistinguishable interferometer
paths, the atom-number fluctuation correlation at the excited
state output port of the interferometer is calculated as follows:
n(r1 , t1 ) n(r2 , t2 )


ψm∗ (r1 , t1 )ψn (r1 , t1 )ψn∗ (r2 , t2 )ψm (r2 , t2 )
∝
En

m=n

=



ψmA∗ (r1 , t1 )+ψmB∗ (r1 , t1 ) ψnA (r1 , t1 )+ψnB (r1 , t1 )

m=n

×

n(r1 , t1 ) n(r2 , t2 )
∝ 1 + cos[ φ (r2 , t2 ) −

ψmA (r2 , t2 )+ψmB (r2 , t2 )

n(r1 , t1 ) n(r2 , t2 )
=

nAB (r1 , t1 ) nAB (r2 , t2 )

+

nBA (r1 , t1 ) nBA (r2 , t2 )

+

nAA (r1 , t1 ) nAA (r2 , t2 )

+

nBB (r1 , t1 ) nBB (r2 , t2 ).

φrot =

,

which yields 16 ensemble averages to calculate. In the case of
first-order measurements for which the contrast is completely
eliminated, potentially by the condition (B − A ) > lc , only
four terms survive:

(18)

The first subscript designates the path of the mth atom while
the second designates the nth atom path. Therefore, the first
term in Eq. (18) is the cross-interference term of the two-atom
superposition


ψ A (r1 , t1 )ψ B (r2 , t2 ) + ψ A (r2 , t2 )ψ B (r1 , t1 )2 , (19)
m
n
m
n

φ (r1 , t1 )].

(20)

Notably, (20) only includes terms which are dependent on the
phase difference between the two paths as calculated by (7).
The measurement is independent of the relative phases of the
Raman lasers as well as any path-dependent noise over A and
B . This cancellation is due to the measurement of the twoatom wave packet traversing the same paths, simultaneously
allowing for full phase contrast in spite of noise, which would
normally result in error in the interferometer readout making
the sensor useless for tracking inertial potentials. This case is
distinctly different from the first-order measurement (14) for
which the Raman phases and any other path-dependent phases
contribute fully to the interferometer measurement resulting
in contrast loss. In the intermediate case for which the atom
beam is not fully first-order incoherent, more terms than given
in (18) will contribute to the atom number fluctuation correlation with varying degrees of contrast.
The benefit to using an atom interferometer versus a photon
interferometer lies in the comparison of the mass of an atom
versus the relative mass of a photon. The corresponding phase
change under a rotation rate of  is



ψnA∗ (r2 , t2 )+ψnB∗ (r2 , t2 )

(17)

m=n

which corresponds to the superposition of the following two
different yet indistinguishable two-atom amplitudes: (1) mth
atom taking A to (r1 , t1 ) and the nth atom taking B to
(r2 , t2 ), and (2) the mth atom taking A to (r2 , t2 ) and the nth
atom taking B to (r1 , t1 ), as shown in Fig. 1. The second term
is the same as the first, except for the exchange of the paths
for atom m and n. The third term and four term contribute
a constant to the measurement of atom number fluctuation
correlation.
In terms of the path-dependent interferometer phases, the
quantum atom-number fluctuation for the joint detection measurement is

2M
A · ,
h̄

(21)

where M is the mass of the particle and A is the enclosed
area. A comparison of a rubidium atom to the relative mass of
a photon leaves the atom interferometer with a factor of ≈1010
times larger phase shift to rotation rate. There is further benefit
in the two-atom interference measurement over the one-atom
interferometer considering the decreasing coherence of atoms
as they approach higher temperatures and velocity spread
which is common for atomic beams. In a classic one-atom interferometer, the path difference between its two arms must be
less than the coherence length of the atom beam. However, for
the two-atom interferometer, the path difference can exceed
the coherence length of the atom beam. Two-photon interference for path differences well beyond the coherence length
of thermal field has already been described in detail [27] and
demonstrated [28], and by application this would allow for
atom interferometry measurements in which the path length
difference is significantly larger than the atomic coherence
length. In a two-atom interferometer, A may achieve orders
greater than that of a one-atom interferometer because of its
peculiar nature of first-order coherence independence. The
ability to increase the area of an atom interferometer makes
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the two-atom interferometer unique for the idea of precision
measurements via matter waves.
In summary, (1) two-atom interference is observable with
the time delay and/or when spatial separation of the interferometer is greater than the spatial or temporal coherence
of the atom beam; (2) the joint two-atom number fluctuation
measurement is independent of the same contrast-reducing
phase fluctuations found in the first-order measurement; and
(3) the sinusoidal modulation of the two-atom interferometer
is a function of the temporal or spatial separation of the
two atom detection events (r1 , t1 ; r2 , t2 ) while the one-atom
interferometer is a function of the temporal or spatial coordinate of the one-atom detection event. The presented concept
and mechanism of two-atom interference can be adapted to

other matter-wave interferometers, such as two-neutron interferometry and two-electron interferometry. The concept and
mechanism of two-atom and two-matter-wave interference is
fundamentally interesting and we are currently implementing it experimentally. While significant experimental work
is still required to achieve sensor measurements for thermal
two-atom and two-matter-wave interferometers, the potential
for high-sensitivity measurements with path-dependent phase
noise that renders one-atom and one-matter-wave interferometry unfeasible is a worthwhile and interesting endeavor.
Given the high sensitivity of atoms to inertial potentials, the
two-atom and two-matter-wave interferometer sensors would
outperform both the classic atom and matter-wave interferometers for sensing applications.
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