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Abstract: The influence of an external test mass on the phase of the signal of an atom interferometer
is studied theoretically. Using traditional techniques in atom optics based on the density matrix
equations in the Wigner representation, we are able to extract the various contributions to the phase
of the signal associated with the classical motion of the atoms, the quantum correction to this motion
resulting from atomic recoil that is produced when the atoms interact with Raman field pulses
and quantum corrections to the atomic motion that occur in the time between the Raman field
pulses. By increasing the effective wave vector associated with the Raman field pulses using modified
field parameters, we can increase the sensitivity of the signal to the point where such quantum
corrections can be measured. The expressions that are derived can be evaluated numerically to isolate
the contribution to the signal from an external test mass. The regions of validity of the exact and
approximate expressions are determined.
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1. Introduction

Since its birth about 30 years ago [1], the field of atom interferometry (AlI) has matured significantly.
Experiments based on Al have been used to measure fundamental constants [2-5], the acceleration
of gravity near the Earth’s surface [6-9], the gradient of the Earth’s gravitational field [4,10,11]
and the curvature of the gravitational field produced by source masses [12]. Atom interferometer
gyroscopes allow one to measure rotation rates; experiments have utilized optical fields [13],
nanofabricated structures [14] and three or four spatially- or temporally-separated sets of fields
that drive Raman transitions to split and recombine the matter waves [15-18]. The frequency shift
arising from a quadratic Zeeman effect was also measured precisely [19]. There have been limits set on
a non-Newtonian Yukawa-type fifth force [20] and on dark energy [21] using Al, as well as theoretical
proposals for using Al to measure general relativity effects [22,23], including gravitational waves [24].
A detailed theoretical analysis of the combined effect of rotation and gravity on the Al signal has been
given [17], based on three- and four-pulse Raman schemes.

Atom interferometry has also been used to probe the gravitational field produced by a heavy
test mass [4,5,12,20,21]. Using a double-difference technique [4], one can extract that part of the
phase of the Al signal caused by the gravitational field of the test mass. This article provides
a theoretical calculation of this contribution to the phase, based on an atom interferometer using
three Raman field pulses. The results can be used to optimize measurements of the Newtonian
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gravitational constant G and to provide a complete derivation of results outlined in a previous
paper [25]. We might point out that an analytic, semi-classical expression for the phase response of
an atom interferometer to an arbitrarily-placed, stationary point mass has been derived recently [26].

Estimated Phase Corrections Resulting from the Test Mass

The phase in an atom interferometer depends on the interactions of the atoms with the applied
Raman fields, as well as the motion of the atoms between and following the applied Raman pulses.
The Raman pulses couple two hyperfine sub-levels, g and ¢, in the atomic ground state manifold, and
it is the phase associated with the Raman coherence p., that is measured using the interferometer.
The presence of a gravitational potential modifies the atomic trajectories, leading to a modification
of the Al phase. This modification of the phase serves as a measure of the sensitivity of Al to
gravitational effects. Since the Earth’s gravitational potential is only slightly inhomogeneous over the
physical extent of the atom interferometer, it can be approximated by a Taylor series in which only the
lead and gradient terms are retained [27-30]. Approximate solutions for the atomic trajectories were
obtained in [17,29], where effects related to the Earth’s rotation (centripetal and Coriolis forces) were
also included. An exact expression for the atom trajectories with these combination of forces has also
been derived for a non-spherical gravitational source (i.e., for an arbitrary gravity-gradient tensor),
rotating with constant angular velocity [31].

The situation can change dramatically if a massive test object is brought close to the interferometer
(see Figure 1). The accumulated phase produced by the test mass’ gravitational field, dg (x.t),
increases with decreasing distance ymin between the test mass and the trajectories of the atoms
in the interferometer and also increases with increasing delay times T between the Raman pulses.
For sufficiently long T and small ymin, it is no longer a good approximation to retain only the lead and
gradient terms when considering the gravitational potential associated with the test mass, as was done
for the Earth’s gravitational potential.

Figure 1. Schematic representation of an atom interferometer in the presence of a test mass M. The atom
cloud of the interferometer is launched at t = 0 with velocity vy and interacts with Raman pulses at
timest =1),t =T =7 + Tand t = 173 = 7y + 2T, indicated by the stars in the diagram. (a) A generic
interferometer; (b) the fountain geometry used for the numerical calculations. In this case, the mass is
a point mass or spherical mass having radius ymin that is centered at position (x,y,z) = (X0, Ym0, Zmo)
attime t = 0. The case of a stationary test mass (x£n1 ) (t) = 0) and a test mass moving at constant velocity
(x,(f ) (t) = xo + vint) are considered. The modification of the signal produced by the test mass would

be a maximum if the atom cloud were to touch the test mass at the top of the cloud’s trajectory.

The maximum value of T is limited by experimental considerations; the largest delay time that
has been achieved is T = 1.15 s [32]. Even for smaller delay times, the inhomogeneity of the field can
be significant. For example, with T = 200 ms, in a symmetric fountain geometry [33], the length of the
atomic trajectory is longer than:

L= %gTz =0.196 m (1)
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where g is Earth’s gravitational field. With ynin < 0.1 m (see Egs. (103) and (104) in Section 3),
the usually accepted assumption that the gravitational acceleration is constant or slightly
inhomogeneous along the atom trajectory becomes invalid.

In calculating the atomic trajectories, we can assume [34] that the magnitude dg of the gravitational
field of the test mass at the position of the atoms in the interferometer is much less than that of the
Earth’s field [35],

gk g (2)

Nevertheless, both the average field and field gradient associated with the test mass can modify
the phase of the Al signal. Let us denote the average field of the test mass over the interferometric
path as Jg. The interferometric phase d¢ associated with this average field strength is of order [6-9]:

o ~ kdgT? ®)

where k is an effective wave vector of the Raman field and T is the time delay between Raman pulses.
This phase change arises owing to the acceleration of the atoms produced by the field of the test mass.

In addition to this “classical” contribution to the phase, there are quantum corrections whose
effect we would now like to estimate. Atom interferometers that make use of copropagating optical
fields or copropagating Raman pulses as their beam splitters and combiners have a signal phase that is
insensitive to quantum corrections if the gravity field is homogeneous. Quantum corrections arise as
a result of rotation [39] or inhomogeneous field terms [28,29]. Quantum corrections ¢; to the phase
from an inhomogeneous gravitational field are of order:

hk?
P~ 37T 4)
a

where M, is an atomic mass and v is the magnitude of the relevant terms in the gravity-gradient
tensor. One can understand the estimate (4) as the quantum part of the phase addition kyoT? [28-30]
associated with the change of atomic velocity v = fik/ M, owing to recoil [36] after interaction with
a Raman pulse. When the length of the atomic trajectory L becomes comparable to the characteristic
distance over which the gravitational potential of the test mass changes, a reasonable estimate for - is
v~ @/ L. As a consequence, we find:

¢g  hkT
5p  M,L ©®)
For Rb% k ~ 1.61 x 107 m~1;
f; ~12x1072 (6)

Calculations [25] indicate that é¢ can be as large as 1 rad, implying that ¢; can be as large as
102 rad. Since a lower limit for the phase noise in the interferometer is of order [32]:

Perr = 1073 rad (7)

one sees that quantum corrections ¢, are small, but measurable; we will include them in our considerations.

Another type of quantum correction is produced during the free evolution of the atomic coherence
between the Raman pulses. We formulate the problem in terms of the Wigner representation [37,38]
for the atomic density matrix, p (x, p,t). This is a standard approach for studying phenomena related
to quantization of the atomic center of mass motion [36] and laser cooling [40]. However, to our
knowledge, it has been used sparingly in the context of AI [17,41]. The convenience of this approach
is that, for the time between Raman pulses, p (x, p,t) obeys an equation that is similar to the classical
Liouville equation for the distribution function [37,38].
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The Wigner distribution function can be written as,

1 1 1 )

o(x,pt) = W /dspx (x—i— 38X~ 25,t> exp (—ip -s/h) (8a)
1 1 1 )

= W / dupy (p + WP 5 t) exp (ix-u/h) (8b)

where p, (x,X/, t) is the density matrix in the coordinate representation and p, (p, p’, t) is the density
matrix in the momentum representation. To estimate the quantum corrections, we start from the time
evolution equation for the Wigner function for times between the application of the Raman pulses.
In the absence of the Earth’s rotation, this equation can be written as [17]:

{at + MLBX — oxUop + Q} o(x,pt)=0 (9a)
Q=—(@n" [u (x + ;ihap) ~-u <x —~ ;ihapﬂ +0xUdp (9b)

where U (x) is the gravitational potential. For nearly homogeneous fields, such as the Earth’s field,
the potential functions in Eq. (9b) can be expanded to first order in 7. In that limit, one finds that Q ~ 0
and that the Wigner function obeys the same Liouville equation as the classical density matrix in the
time between pulses. In the presence of a test mass, however, the gravitational potential is strongly
inhomogeneous, and higher order terms in the expansion are needed.

Let us estimate the correction from these higher order terms. If the term dxUdp in the Liouville
Equation (9a) is responsible for the phase ¢ in estimate (3), then the Q-term results in a quantum correction:

Q
~ ] 10
#0 ~ 5775 (10)
The density matrix depends on atomic momentum p in two characteristic ways. There is both

po = v 2MgkpTc (11)

(kp is Boltzmann constant, T¢ is atom cloud temperature) and a momentum associated with the
Doppler phase,

a thermal momentum:

M,
Pp ~ T (12)

For Rb at temperature T ~ 1uK, k = 1.61 x 10" m~ 1, and T = 200 ms,

PD 1 -5
= = ~22x1 1
o kool x 10 (13)

where vy = pg/ M, = 0.014 m/s is the thermal velocity. In qualitative terms, we can think of the
dependence of p (x, p,f) on momentum to vary as:

e~ P/ P5eir/ D

where the first factor represents the thermal distribution and the second a phase factor resulting from
the accumulated Doppler phase between Raman pulses. Explicit forms for the Doppler phase acquired
by the Raman coherence pe. in a time T are derived in the next section, but they are typically of order
koT = p/pp.
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If p(x,p,t) ~ e V'/Poei/Pp it follows that the Doppler phase factor makes the dominant

contribution to the momentum gradient, since:
9~ pp' > py (14)

To estimate the quantum corrections, we expand Eq. (9b) to second order in /i to obtain:

2 3
o~ (%) e

Replacing U by U/L" and dp by pBl, we find:

¢o Q13U 1 (HT\*_ »
op ~ allo, " 2Aups, ~ 2a\IM,) ~ 0 (16)

Consistent with the phase noise given in Eq. (7), one should ignore the Q-term in Eq. (9a).
However, if one uses the Al technique to measure the Newtonian gravitational constant G with an
accuracy of several ppm (the level achieved is already 150 ppm [5]), then the Q-term should be
included. Anticipating innovations capable of reducing the phase noise to ¢y ~ 3 x 107 rad [42], one
has to include the Q-term. Consequently, we will include the corrections resulting from this term.

To summarize, there are two types of quantum corrections to the Al phase that are to be considered.
The first, ¢;, arises from inhomogeneous gravitational field modifications of the Doppler phase
associated with the recoil the atoms undergo on interacting with the Raman fields. The ratio ¢, /¢ is
of order kT /M,L. The second, ¢, arises from quantum corrections to the off-diagonal elements of
the Wigner distribution during periods of free evolution. The ratio ¢ /¢ is of order (7kT/ MHL)Z.

It is possible to increase both é¢ and the quantum corrections ¢, and ¢g using larger values
of the effective wave vector k. Moreover, since 6¢ o« k, ¢y o k* and ¢pq o k> [see Egs. (3), (4),
(16)], the relative weight of the quantum corrections also increases with increasing k. There are at least
five ways to increase k: the production of higher order atomic density harmonics in a standing
wave field in the Raman-Nath regime (see Eq. (4) in [1]), higher order Bragg scattering [43],
the sequential Bragg scattering technique [2], multicolor techniques [44] and Raman standing wave
techniques [45]. For example, standing wave pulses in the Raman—Nath regime were used to produce
the 10th harmonic of the atomic density without excessive loss of signal magnitude and without
sub-recoil cooling [46]. A 4fik beam splitter was demonstrated using an extension of the Raman
standing wave technique [47], and a 517tk beam splitter has been produced using higher order Bragg
scattering [48]. Recently, a high order Bragg scattering atom interferometer was used to determine
the fine structure constant with a resolution 0.25 ppb [3]. A 45fik beam splitter has been utilized for
atom interference using sequential Bragg scattering [49]. On the theoretical side, it was shown that,
with a proper choice of field polarization, Raman standing waves in the Raman—Nath regime can be
used to create a 47k beam splitter without increasing the number of separated Raman pulses [45,50].
To account for such enhancements, our calculations of the Al’s phase are carried out for an effective
k-vector that is scaled by an integer factor #y.

This article is arranged as follows. In the next section, we derive exact and approximate
expressions for the phases é¢, ¢;, and ¢. The results of numerical calculations of the phases are given
in Section 3 for a stationary test mass and a test mass moving at constant velocity. The calculations
enable us to establish the regions of validity of the approximate expressions for the phases.

2. Basic Formalism

The working medium of the atom interferometer consists of a cloud of atoms that are launched
with some initial velocity at t = 0. The cloud interacts with three Raman pulses that are separated
in time; these pulses couple two hyperfine sub-levels in the atomic ground state manifold. In the
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time intervals between the pulses, the atoms move under the influence of a gravitational potential
U (x,t). The cloud is assumed to be characterized by a Wigner distribution f (x,p) at time t = 0 and
is assumed to be sufficiently localized, such that, at any time, the gravitational field is the same for
all atoms in the cloud. In other words, the cloud can be considered as a point insofar as it interacts
with both the Earth’s and the test mass’ gravitational fields. The problem can be broken down into
periods of “free evolution” of density matrix elements before the first Raman pulse is applied and
for the time intervals between subsequent Raman pulses and into time intervals in which the Raman
fields are applied. By “free evolution”, we mean evolution in the absence of applied radiation fields,
but including the effects produced by U (x,t). We consider each region separately and then piece
together the total response.

We will see that the quantum corrections leading to ¢, originate in the recoil the atoms undergo
as a result of their interaction with the Raman pulses. Following the interactions, this recoil leads
to a contribution to the Doppler phase of the off-diagonal density matrix elements o, (¢ and e are
sub-levels of the atoms’ ground state manifold) in the time intervals between the pulses. In addition,
the momentum derivatives of the Doppler phase factors give rise to the Q-term corrections; as such,
the Q-term corrections depend only on the free evolution of off-diagonal density matrix elements
between the pulses.

2.1. Density Matrix Evolution between the Raman Pulses

Between the Raman pulses, the Wigner function evolves according to Egs. (9). When the distance
L over which the gravitational potential energy varies significantly is much larger than i divided by
the characteristic width Ap of the momentum distribution, i.e.,

h
TpL <1 (17)

we can expand Q [Eq. (9b)] in a power series in 7 to obtain:
2
Q~ *ﬂijl (x,1) ap,.apjapl (18)
where:
Xig (6 1) = =03,9x,9 U (1) (19)

A summation convention implicit in Eq. (18) will be used in all subsequent equations. Repeated
indices and symbols appearing on the right-hand side (rhs) of an equation are to be summed over,
unless they also appear on the left-hand side (lhs) of that equation.

We have already shown in Eq. (16) that the Q-term can be considered as a small perturbation,
allowing us to write:

P (xp,t) = po (x,p,t) +pg (X p,t) (20)

where pg (x, p, t) is the unperturbed density matrix obeying the equation:
{at + P o u(x ap} 00 (%, p,t) =0 1)

and pg (x,p, t) is a perturbation whose evolution is governed by the equation:

{at - M%ax — U (1) ap} pQ (6 p,t) = —Qpo (X, P, 1) (22)

The pg (x, p, t) term contains the ¢, corrections, while the p (x, p, t) term provides the ¢ corrections.
Equation (21) has been studied in [17] for the Earth’s gravitational field. In this article, we obtain
a solution of Eq. (21) in the presence of a test mass and solve Eq. (22) to get the contribution to the Al
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phase arising from the Q-term. We assume that the density matrix is known at some preceding time #
and arbitrarily set pg (x, p,t') = 0 at this time, such that, at t =/, p (x, p, ') = p (x, p,t'). The solution
of the homogeneous Eq. (21) is then given by [17]:

po (x,p,t) =p [X(xp,t,t),P(xpt,t), 1] (23)

where {X (x,p, t1,£2),P (x,p, t1,t2) } are the atomic classical position and momentum at time #; subject
to the constraint that the position and momentum are specified by {x, p} at time f,. In other words,
in Eq. (23), we look for the values {X(x,p,#,t),P(x,p,t',t)} for which {X(¢'),P(#)} will lead to
values {X (t),P (t)} = {x, p} under the influence of the gravitational fields.

Turning our attention to Eq. (22), we see that the curly brackets in that equation are a total time
derivative, enabling us to write:

doo (x,p, 1"
WP L) _ oy (xp, ") 4)

Integrating this equation from #” equals #' to t, using the fact that pg (x, p, ') = 0, and making use
of Egs. (18), (19) and (23), , we find

hz t " / 1 1"
pQ (X/P/ t) - ﬂ /t" dt [Xijl (g,t )anianjampo (gl ﬂ/t )}§=X(x,p,t”,t),n:P(x,p,t”,t) (25)

Using Eq. (23) one more time, we arrive at:

P(x,p,t’,t)

T

00 (b 1) = 10" [}y (1) D220 (X (g,n,tcm,r<¢,n,t',t">,t'>]{ g } {x<x,p,t~,t> } (26)

2.2. Changes in Density Matrix Elements Produced by the Raman Pulses

Consider now a cloud of atoms having two hyperfine sub-levels g and e in the ground state
manifold. The atoms are prepared in level g at time t = 0, and they proceed to interact with the

7T

5= g sequence of Raman pulses applied at times:

T={n,n=n+T B=1+2T} (27)

where 7j is time delay between cloud launch and the first Raman pulse and T is the time delay between
pulses. The initial atomic density matrix (8) is given by:

pgg (x,p,0) = f (x,p) (28a)
Peg (X, P,0) = pee (x,p,0) =0 (28b)

where f (x, p) is the Wigner distribution at t = 0.
If a 7t/2-pulse is applied at time T;, the density matrix elements undergo changes given by [17]:

1
Pee (X,p,Tj+) = ) [Pee (X,p,Tj_) + 0gg (X’P - hk’TJ'_ﬂ

—i—Re{iexp [—i (k~x— 27 41])} Peg <x,p— hzk,l'j>} (29a)

1
Peg (X P, Tjv) = 5 [Pee (X, P+ 1K, T ) + pgg (X, P, Tj-) ]

Re{iexp [fi (k-x— 12’[] gb])} Peg (x,p+ hzk,’rj_)} (29b)
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pes (38, 7) = Soxp [i (kox— o) 4))] [pee(x,pﬂk s (vo-"5)]
+%{peg (x,p,Tj—) +exp [21' (k.x_ D — ¢])} 0ge (x,p,rj,)} (29¢)

Similarly, for 7t-pulse applied at time Tj,

pee (X, P, Tjs) = pgg (x,p — 1k, 7)) (30a)
pgg (XI | T]+) = Pee (X P + hk T]*) (SOb)
peg (X, P, Tj4) = exp [Zi (k X 12 Tj 4’])} pse (X P, Tj-) (30c)

In these equations, k is an effective wave vector (assumed to be the same for all of the pulses);
5%) is the detuning between the hyperfine transition frequency and the effective frequency of the
Raman fields (the effective frequency is the frequency difference of the two fields used to create the
Raman pulse); ¢; is the phase difference between traveling components of the Raman field; and 7; are

times just after and before the pulse. We allow pulses to have different detunings and phases (5%]2), ol
(7=12,3).

It is assumed that the temporal width of the Raman pulses is sufficiently short to guarantee that
all phases related to the detuning, Doppler shifts and the gravitational fields are effectively frozen
during the application of the pulses. In addition, we assume that the Raman field amplitude and phase
are constant over the size of the atomic cloud, allowing us to neglect corrections arising from the ac
-Stark effect and wave front curvature of the Raman fields. In principle, most of these assumptions are
not necessary. One can derive and explore the analogue of Egs. (29) and (30) considering extended
atom clouds at finite temperature, including corrections arising from Doppler broadening, ac-Stark
effects and gravitational acceleration produced during the Raman pulses. In this case, however,
the corrections depend on the initial atomic distribution f (x, p) . Since this distribution is usually
not known accurately, it is preferable for high precision atomic interferometry to use Raman pulses
of sufficiently short duration, sufficiently large diameter and sufficiently flat wave fronts to avoid
such corrections.

If a 7t/2 pulse acts on a ground state atom, it produces a superposition of ground and excited
states. If there were a momentum p associated with the ground state amplitude a, (p) before the pulse
is applied, the excited state amplitude a.(p) depends on a, (p—Fik). As a consequence, the off-diagonal
density matrix element following the pulse involves the product of state amplitudes evolving with
different momenta. It is this difference in momentum that leads to the Q-term correction in periods of
free evolution.

2.3. Al Signal

Our goal is to calculate p.. (X, p, 73+ ), the excited state atomic density matrix element following
the third Raman pulse, since p.. (X, p, T3+ ) can be related to experimentally-measurable quantities.
To carry out the calculation, we use Eqgs. (23) and (26) for the “free evolution” of density matrix
elements before the first Raman pulse is applied and for the time intervals between subsequent Raman
pulses and use Egs. (29) and (30) for changes in the density matrix elements resulting from the
application of the Raman pulses. In these free evolution regions, density matrix elements are affected
by the presence of a gravitational potential that ultimately contributes to the phase of the Al signal.

From the time the cloud is launched at ¢ = 0 to the time 7 that the first Raman pulse is applied,
the only non-vanishing density matrix element is p¢, (X, p, f). In the time interval between t = 0 and
t = 7y, this density matrix element evolves to:

pgg (X, P, 1) = f (X(x,p,0,71),P(x,p,0,71)) (31)
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For reasons to be discussed below, corrections from the Q-term can be neglected in this time
interval. After the first 7t/2-pulse, the density matrix elements change to:

1
p‘?’z (X/p/Tl+) Ef (X (X,P—hk,O,Tl),P(X,P—hk,O,Tl)), (32a)
1
pgg P i) = Sf(X(xp.0,m),P(xp0,1)), (32b)
Tik ik
Peg (%, P, T14) = —Eexp [ (k x—20 12 ) — 471)} f (X <x,p— 7,0,"&) ,P (x,p— 7,0,71)) . (32¢)

One uses these density matrix elements as initial values for the free evolution between the first
and second pulses of the unperturbed density matrix; that is,

po (X, p,Tiy) =p (X P, T14) (33)

We now consider the modifications produced by the Q-term in the time interval between the first
and second pulses. The modifications produced by the Q-term (26) in the atomic coherence before the
second pulse acts, peq, can be calculated from Egs. (26), (32¢) and (33) as:

P
PQeg (X, P, T2-) = *l@ dt
exp {i(k-X(;‘,n,Tl,) 12 T1 (])1)]
x Xt,'jl (6/1) 9r;0m; Oy x f X(X(& 7,7, t),PEmmt) - %010 . (34)
P X(f,',?T,T],t),P(g,n,Tl,t)—%k,O,’Lj { 4 }:{ X }(pr'&)
T P

In Eq. (34), the 7t derivatives lead to two types of terms. The first of these originates from the thermal
distribution and is of order:

a7'r1-Therma1 ~ Pa ! (35)
where pg is thermal momentum defined in Eq. (11). The second arises from the phase
factor exp {i (k -X(¢, T, t) — 12 T1 ([)1)] in Eq. (34), evaluated at t — 17y ~ T. To estimate
this contribution, we “turn off” the gravitational field. In this approximation:

X(g’,‘,n,n,t):é‘—n(t—'rl) /M, (36)

and the Doppler phase becomes equal to k - 7t ( — 79) / M,. This phase factor is a rapidly oscillating
function of momentum 7 having period of order pp defined by Eq. (12), from which we find:

a71'1-Doppler ~ PBl (37)

In the limit that:
kvoT > 1 (38)

the thermal derivative is smaller than the Doppler derivative by the ratio given in Eq. (13) and can be
neglected.

When inequality (38) holds, the time separation between pulses T is sufficiently large to ensure
that the dominant contributions to the Q-term comes from the momentum derivatives of the Doppler
phase factor. As we will show, the atomic levels” populations (o, and pge) have no phase factor
for 0 < t < 713_; therefore, the Q-term corrections arise only from the atomic coherence Peg-
As a consequence, we can neglect any contribution to the Q-term corrections from atomic
state populations. It was for this reason that we did not include any Q-term corrections to the
Wigner distribution for the time interval 0 < t < 7_. In the Doppler limit defined by Eq. (38), the Al phase
is pretty much independent of the atomic momentum and spatial distributions.
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Calculating the derivatives and retaining those contributions to the derivatives arising from the
Doppler phase only, we arrive at:

n? .=
paus (X, P T2 ) = — gokukoke /T dt
S |

X {)dﬂ (&) 0x, Xy (& 7T, 11, t) 97 Xo (&, 70,71, 1) 07, Xew (&, 7, 11, t)}
(< H e
T

p [i (k X (& 7,1, t) — 0T — 4>1)}
f X (X (’:/ T, Tl/t) ’P (g/ T, 0, t) - th’ O’ Tl) 4 (39)
X
P(X(&mmt),PE ) - %,07) { : }{ X }(xptm
T P

where k;, is the u-th component of the effective k-vector. In this approximation, the derivative no longer
acts on the term inside the curly brackets. Therefore, we can apply the multiplication law,

{ if } X (xp t',t"),P(x,pt,t"), tt) = { if } (x,p,t,t") (40)
to get:

X X
{ P }(é’, 70T ) g X(xp b a) e=P(xp 1) Z{ P }(erf'flf'fz) (41)

The expression inside the curly brackets of Eq. (39) becomes t-independent, and the Q-term just
before the second pulse is given by:

2

PQeg (X, P, T2—) = —Z—S {exp [i (k.gf - 5@11 - 4’1)] f& ”)}{ ¢ } { X(xp,71,72) }
T P(

x,p,11,72)—lk/2
-
xikoko [ dt [ (8 0)9mX (87, 71,8) 0 Xo (870,71, ) 0 Xao (870,70, 1)| { : } { ) } (42)
T
= (xp.t,12)

T P

We still need an expression for the time evolution of pg (x, p, t) between the first and second
pulses. From Egs. (23), (32) and (40), we find:

1
Pee (X, P, TZ*) - Ef (X (gl 7T, O/ Tl) ’ P (gl 7T, 0/ Tl))§=X(X,P,T1,Tz),TT:P(X,p,Tl,Tz)—hk s (435)
1
psg (P, 2-) = 5f X(xp,0,22),P(xp,0,1)), (43b)
i . 1
P0eg (x,p,-) = —5 {exp {z (k -6 — (5§2)771 — 4)1”
xf(X(8,7,0,1),P(Z,7,0,71)) b e—x(xpri, 1), m=P(xp,ri, ) —hk /2 (43c)

At time 1, the 7t pulse acts, which, according to Egs. (30), transforms these density matrix
elements at time T,_ into:

1
Oee (X, P, T2t) = Ef (X(x,p—1k,0,7),P(x,p—1k,0,12)) (44a)

1
Peg (0P 2+) = 5f (X(&7,0,1), P (G 70,0, 1)) ex(xphik 1y, 1), =P (xp-+ ik 1, 12)— Tk (44b)
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pog (P o) = 2 {exp {i [k (2x=8) — 260w + 61— 290 + 9u ] }
Xf (X (g/ 7,0, Tl) /P (6/ 7,0, Tl))}§=X(x,p,Tl,Tz),nzP(x,p,Tl,Tz)—hk/2 (44C)
> . 2 1
PQeg (X, P, T21) = T {eXP {1 [k' (2x—¢) - 25§2)Tz + 5§2)Tl —2¢o + <P1} }

xf(X(8,7,0,1),P(E,7,0,T1)) e _x(xpry, 1), m=P(xpyri, )~k /2
-

Xkukvkw dt |:Xf]l (g/ t)
T

X 0 Xo (87,71, ) O Xo (&, 70,1, £) O Xeo (87,71, 1) (44d)
¢ =0 X txpt)
7T
The next step is to calculate the Q-term corrections in time interval [1, 73] . Each density matrix
element in Egs. (44) produces a Q-term correction. However, the diagonal matrix elements given by
Egs. (44a) and (44b) contain no rapidly oscillating phase factors in momentum space, allowing us
to neglect their Q-term corrections. Moreover, Eq. (44d) is already linear in Q and can produce only
higher order corrections that we neglect in this work. As a consequence, we need consider only the
Q—t(fe}*n; correction produced by the coherence in Eq. (44c), which we denote as pb eg FrOm Eq. (26),
we find:

/ 'hz K /
erg (X,p, T3—) = l@ (o3 at {Xi]'l (gl t) aﬂiaﬂjan’]
xexp{ilk- (2X (&, r, 1, t) — X (&, 7,7, t))

- 2000+ 202 + 1] |

X f (X (X (& m,,t), P& mm,t)— %,O, T1>

P<X (g;”/let)/P(gfﬂ;Tl/t)_hkzole))} (45)
2 { g } B { ; } (X’P’t/TS)
T P

where we used the multiplication law (40),

{ )IS }(X (5, ﬂ,Tz,t),P(g, anZ/t)rTLTZ) = { )If }(gr 7T,T1,f) (46)

In Eq. (45), the differentiation over momentum s is carried out only for the Doppler phase
factors. After differentiation, we apply the multiplication law two more times to the phase factor and
distribution f, namely:

X

X
1t Ly = X, P, T, 47
{P}(CﬂTf){g}{:}(X,p,t,m {P}( P, T, T3) (47)

fori = 1,2, and find that these terms become f-independent. As a result, one gets for the Q-term pb eg
before the third pulse,

n? ,
Poeg (X P, T3-) = T {exp {1 [k' (2X (%, P, T2, T3) — &) — 2013 T2 + 015 71 — 2 + 4’1} }
Xf (X (é,‘, 7,0, Tl) /P (gr 7,0, Tl))}§:X(x,p,T1,T3),n’:P(x,p,Tl,T3)—hk/2

B / Xy (&, 1, t) X (G, 7T, T2, t)
Xkukokaw /TZ dt {Xijl (6 t) { o, 2 oTT;
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Xy (&, 7T, 7, 1) B zaxv (&, 7T, 2, 1)

871', E)n'l

o {BXW (&, m,t) B 28Xw (& 7,1, t)] }{

(48)
¢ } = { X } (errt/TS)
T P

The value of pe (X, p, 3+) will depend both on{erg (x,p, T3—), p/Qeg (x,p, Tg,)} and
po (X, p, 73— ) - In other words, we must also calculate the time evolution of pg (x, p, t) and pgeg (X, p, )
between the second and third pulses. Applying Eq. (23), we find:

1
Pee (X/ p/ TS—) - Ef (X (g/ 7T/ 0/ TZ) 7 P (g/ 7T, 0, Tz))ZZX(X/P/TZ/TS)/n:P(X/P/TZITS)7hk (493)
1
xpwB-) = fX(m0m) P mr01)) (49b)
s 2f {&=X(X(x,p,72,13),P(x,p, 72, 73) +11k,T1,T2),
m=P(X(x,p, 72, 13),P(x,p, 72, 73) +hk, 11, 72) —hk}
i .
Poeg (X, P, T3-) = 3 {eXP {1 [k' (2X(x,p, 2, 13) — &) — 25§§)T2 + 55?’& —2¢ + 4’1} }
X f(X(&,7,0,71),P(Z,70,0,71)) bex(xp,r,55), m=P(xp,75) — ik /2 (49¢)
h? .
PQeg (X, P, T3-) = T {eXP {1 {k' (2X(x,p, 12, 13) — §) — 25S)Tz + 53)71 —2¢ + 4’1} }

Xf (X (gl T, 0/ Tl) ’ P (g/ 7T, 0/ T ) ) }@':X(X,p,’[l,T3),7r:P(x,p,T1,T3)—hk/2

o)
xkukoko | dt [ (8,8 9 Xu (& 70,71,8) 0o (8, 70,71 1)
T
X amxw (C! T, Tl/t)] (49d)
¢ \_) X
{ } - { } (X,P’t,TB)
T P

Combining the different contributions to the off diagonal density matrix element given by Egs. (48),
(49¢) and (49d) and factoring out a common phase factor, we obtain:

Peg (6P, T3-) = poeg (X, P, T3-) + PQeg (X P, T3-) + Peg (X, P, T3-)
= % {exp {i[k- X (x 72 1) — 8) — 265 + 811 — 290 + 9u | }
X f (X (& 7,0,1), P (£ 70,0, 7)) by Xy ) m—Plspy ) ics2 |1 — 00 (%P (50a)
~ % {eXP {i [k' (2X (%, p, 72, 13) = §) — ¢g (x,P) — 2607 + 61 — 240 + <p1} }
Xf(X(8,,0,711),P(Z, 7,0, 7)) }sx(xp1y 13), =P (xp, 71,75 — ik /2 (50b)
po(xp) = fgkukvkw {/: dtxiy (1) 9 X (&, ', t) aﬂ;xv (&, 7', n,t) 9 X (&, 7,1

X, (&, ', 11,1 B Zax” (&, 7,0, t)

o) o)

¢ AL % Jomen
! P

Finally, we use Egs. (29a), (49a), (49b) and (50) to calculate p.. (x, p, 73+ ) following the 71/2 pulse at
time T3 as:

Xy (&, 7', 1,t) Xy (8,7, 10,t)
7 -2 7
871']. 87'{].

B / !
+/ dtxiy (¢'t)
L]
Xy (8,7, 1,t) X (&, 7,10, 1) } }

(50c¢)

o) arm;
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1
Pee (X, | T3+) = 1f (X (gl 7,0, TZ) /P (ﬁ, 7,0, TZ))g:x(x,p,Tz,T:;),ﬂ:P(X,p,Tz,Tg)fhk

+if(x(§,7f,0,T1),P(§,71',0,771)){ } {
[ -

X(X(x,p—1k, 7, 73),P(x,p—Tik, 7, 13)+1k,11,12)
P(X(x,p—tk, 2, 73),P(x,p—Tk, 7, 13)+hk, 71, 72) —hik

1 hk ~ hk
_E{COS [k.(x—zx(xp r2,13)+§>+¢Q <x,p—7>
*(Siz)‘l’g + 25%2) T — 512 T — ¢3 +2¢p — 471]
xf(X(8,7,0,1),P (8 7,0,T)) b emx(xp—tik/21,1), m=P(xp—tk/2,11,13) ~hk /2 (51)

This density matrix element can be used to calculate any physically-measured observable associated
with atoms in state e. For example, one could measure the state ¢ population given as:

w= / dxdppee (X, P, T3+ ) (52)

The first two terms in Eq. (51) are responsible for the background signal. When substituted into
Eq. (52), they yield a background contribution equal to 1/2, allowing us to write:

1-m), (53)

where the interferometric term @ is given by:

W= /dxdp{ cos [k- (x —2X (x,p - th,Tg,T3> + i;)
. hk
60 (x,p - 2) 50t 261 — 531 — g3+ 292 — ] 4
X f(X(Z,7,0,11),P(Z, 70,0,T0)) b gox(xp—tik /211,75 ), e=P(x;p— ik /2,71 73)— ik /2

To carry out the integration, we express all position and momenta in terms of the position and
momentum variables at Time 0, denoted by:

{X,p'} ={X(& m0,71),P(m0mn)} (55)

In terms of these variables,

&y = {(X,p,71,0),PX,p, 10} (56a)

{X,p} = {X ( (X P ,T1,0) ,P (X/,p/, T1,0> + hk/2, 13, T1> p
P (X (X,p’,1,0),P(X,p’,11,0) +hk/2,13,71) + hk/2}  (56b)
0{x,p}/a{x,p'}| =1 (56¢)
X(x,p—hk/2,1,1) = X(XX,p,1,0),P((X,p,1,0)+ik/2,1m, 1) (56d)

After redefining {x,p’} — {x, p}, one finds:
o= [ dxd — 607 + 2527, — o) 2 57
W xdp cos (¢ (X, p) — 01, T3 + 257512 — 075/ T1 — P53+ 2¢2 — ¢1| f (X, p) (57)
where the phase ¢ (x, p) of the Al is defined as:

¢(xp) = ¢r(xp)+dg(xp) (58a)

¢r(xp) = k-[X( m13,1)—2X(Z, 70,2, T1) + &) - X(x p/11,0), e=P(xp,m,0)+1k/2} - (58D)
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po(xpP) = olX(5 ™ 13,1), P (& 7T, 1)] 1z-x(xp11,0), =P(xp,11,0)+ik/2} (58¢)
with ¢ given by Eq. (50c).

2.3.1. Atom Trajectories in the Presence of the Test Mass

To calculate the phases in Egs. (58), we need expressions for the propagation functions
{X(x,p,t,t'),P(x,p t1t)} ie, atomic position and momentum at time ¢ subject to the initial value
{x,p} at time t'. These functions evolve as:

!
X(xptt) = W (59a)
a
P(xptt) = M.{g+0g[X(xptt),t} (59b)

We neglect in Egs. (59) the gravity-gradient, centrifugal and Coriolis forces caused by the rotating
Earth. When g (x, t) is a perturbation, the approximate solutions of Egs. (59) are [34]:

X (x,ptt) ~ XO(xptt)+6X(xptt) (60a)
P(x,ptt) ~ PO (xptt)+0P(xptt) (60b)
XO) (x,p,t,t') = x+M%( e G ) (600)
PO (x,p,t,t") = p+Mg(t—t) (60d)
t
X (xp, ) = / ar’ (t—1") og [XO (x.p, 1", 1) "] (60e)
Jt
t
SP(x,p ) = M, / at"sg [XO (x,p, ", ) '] (60f)
t/

Each of the functions {X(O), PO s5X, JP} obeys the multiplication law (40):

x()
{ p(O) } (X(O) (x,p, ¢, ") PO (xp. 1) t, t/) _ { 20 } (x,p,t,t") (61a)
5X vl vl / _ 5X 1
{ 5P }(5X(x,p,t,t ), OP (x,p,t',t"),t,t') = { 5P }(x,p,t,t ) (61b)

2.3.2. Phases

It remains for us to calculate the phases ¢, (x, p) and ¢g (x, p). In the following two subsections,
we obtain both exact integral and approximate integral and analytic expressions for these phases.
In Section 3, the exact expressions are evaluated numerically, and the range of validity of the
approximate expressions is established.

¢r (X, p)

The phase ¢, includes a “classical” part (non-vanishing in the limit # — 0), as well as a quantum
correction ¢;. The contributions to ¢, resulting from the Earth’s gravitational field and the rotation of
the Earth were calculated approximately in [17,29]. The classical component of these contributions to
¢r has been calculated exactly [31]. In this paper, we concentrate on the additions to ¢, caused by the
test mass’ field. The “classical” part of this addition has been evaluated in [25]. Contributions to the
phase from the Earth’s rotation and Earth’s gravity-gradient terms are neglected in this paper.
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It is shown in the Appendix how approximate expressions for the propagators needed in Eq. (58b)
can be obtained from Egs. (60). It then follows that the phase ¢, given in Eq. (58b) can be written as a
sum of three terms,

¢r(xp) = ¢o(xP)+5¢(x,p)+ ¢ (xPp) (62a)
go(xp) = ke [XO (xp,7,0) = 2XO (x,p,1,0) + X (x,p,7,0)] =k-gT*  (62b)
0p(x,p) = k-¢p=k-[0X(x,p,13,0) —26X(x,p, 72,0) + X (x,p, 71,0)] (62¢)
¢g(xp) = k-9, (62d)
T /TS dt (13 — 1) {(5 x(© ik, _

g s 3 g (x,p,t,0) + M. (t—m),t (62e)

—og {X(O) (x,p, t,O),t} }

g hk

-2 /T] dt (1o — 1) {5g {x@ (x,p,1,0) + oML (t— rl),t} (62f)
—og {X(O) (x,p,t,0) ,t} } (62g)

The term ¢ (x, p) is the classical contribution from the Earth’s field; the term ¢ (x, p) is the
classical contribution from the test mass’ field; and the term ¢, (x, p) is the quantum correction arising
from the test mass’ field.

To evaluate the classical contribution to the phase given by Eq. (62c), we use Eq. (60e) to arrive at:

P = T3upy — Tyuyo + Uy — Upg (63a)

. m+Tdt// (t// ﬁ(s {X(O) ' 0) ¢ 63b
IX‘B - - ) g (X/P/ 7 )/ ( )

Egs. (62c) and (63) have been used in [25]. With the simple change of variables, t = 1, + 6 for uyg
and t = 7y + 0 for uyg, we find:

T
¥ = / 46 {(T —9)og [x<0> (X, p, T2 +6,0), 7+ 9} + 00 [x<0> (x,p, 71 +6,0), 71 + 9} } (64)
0

If the test mass moves without rotation and follows a trajectory denoted by xy, (t), then:

og (xt) = 0g [x — xm ()] (65)
and:
— (T - ©0) - ©0) —

¢ = Jy 40 {(T—0)dg [X®) (xp, 72+ 6,0) —xu (72 +0)] + 03 |X©) (x,p, 71 +6,0) =xn (11 +6) | } (66)

This is the exact expression for  that is used in Section 3.

We can arrive at an approximate expression for ¢ if we assume that the distance between the
atoms and the test mass is sufficiently large to keep only those terms that are linear in the field gradient.
In other words, we can evaluate the field of the test mass at some average displacement xc between
the test mass and the atoms’ trajectory. If we choose [51]:

xXc = % Sy 40 {(T =) [XO) (x,p, 72 +6,0) = xus (12 +6)| +6 [XO (x,p, 71 +6,0) = xu (m +0)| }  (67)

expand:
d8i (x) ~ dgi (xc) + 1 (x) (x = xc) (68)
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where v (x) is the gravity-gradient tensor having matrix elements:

¥ (X) _ aégi (X) (69)

ij ax;

and substitute the result back into Eq. (66), we find that the term proportional to -y (x) vanishes (xc
was chosen to ensure this). We then obtain an approximate expression d¢, for the classical contribution
to the phase ¢, given by:

5p ~ Spa=Kk-p, (70a)
¥, = 6g(xc)T? (70b)

We now turn our attention to the quantum correction. The vector ¢, given in Eq. (62g) can be
rewritten as:

3 hk
1/){1 = [F dt (T3 — t) {5g [X(O) (X/ p.t 0) + m (t - Tl) ’ t:| - ég [X(O) (X, P, t/O) ’t} }

v 12

g ik
- ) Tk
+/T1 dt (¢ Tl){(sg {x (X, 1,0) + 1

a

(t—Tﬂ,t} —Jg [x(()) (x,p, t,o),t]} (71)

Substituting t = 1 + 6 in the first term of Eq. (71) and t = 73 4 6 in the second term,
we obtain:

T 1k
_ _ © _ (0)
v, = [ do{(T-0) {(5g(X (X,p,Tz+9,0)+2Ma(T+9),Tz+9> o8 (X (x,p,Tz+9,0),Tz+9>}
0 fik (0)
+0 |6 [ X© (x,p, 11 +6,0) + —— 0,71 +0 —(5g(X (x,p,71+6,0),T1—|—9) } (72)
2M,

For translational motion, when the gravitational field of the test mass is given by Eq. (65),

T nk
¢, = /0 a6 {(Tfe) {(5g <x<0) (P, +0,0) + 5 (T46) = (12 +9)> —og (X0 (x,p, 72 +6,0) —xu (T2 +9)>}
+0 {ﬁg (x“’) (x,p, 1 +6,0) + %G—XW (m+ 9)) — g (X‘O) (%P, 71 +6,0) —xu (11 + 9))] } (73)

This is the exact expression for 3, that is used in Section 3.
There are two approximate expressions we will derive for . When the recoil effect is small,

hik
2Mg

T < X (x,p,T,0) (74)

we can expand the arguments in Eq. (73) to obtain a first approximation ¢; ~ ¢, given by:

$g = Ppm=k ¢, (75a)
T
Yo = /0 0 { (TZ - 92) v [x(O) (x,p, T2 +6,0),7 + 9] +6%y [x<0> (x,p, 71 +6,0), 7 + 9] } % (75b)
a
where:
dg; (x,t
11‘]' (Xr t) = % (76)

i
For translational motion of the test mass, 7 (x,t) = ¥ [x — xi (t)], and Eq. (75b) reduces to:

hk

P = I d6 { (T - 6%) ¢ [x<0> (x,p, 72+ 6,0) —xp (T2 + 0)] + 6%y [x(o) (x,p, 1 +0,0) =Xy (11 + 9)} N

(77)
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The second approximate expression we obtain for g is the limit of Eq. (77) when the distance
between the atoms and the test mass is sufficiently large to keep only those terms that are linear in the
field gradient. If we choose:

X = % fOT de { (T2 — 02) [X<0) (x,p, 2+ 0,0) — xp (T2 + 9)] +62 {Xw) (x,p, 11 +6,0) — xp (71 + 9)] } (78)

and expand:

v, (09 = v, (xq0) + Xiji (%q¢) (x=x4), (79)

where:
Xijl (X) = axllij (X) (80)

is an element of the gravity curvature tensor, then the contribution from the second term in Eq. (79)
vanishes, and we find an approximate expression ¢, for the phase given by:

Q

¢q (X, P) $ga (X, p) = k- L (81a)
ik

P = ¥000) 30 T (81b)

$q (x,p)

We now consider Q-term quantum corrections to the phase given by Egs. (58c) and (50c).
We first replace {x, p} by {X (&, 7,3, 71) ,P (¢, r, 13, 71) } in Eq. (50¢) to obtain:

{ g’/ }:{ : }(X(g,n‘,T:;,Tl),P(g,ﬂ,T:;,Tl),i’,T?,):{ )Ij }(g,ﬂ',t,Tl) (82)

allowing us to write ¢¢ (x, p) as:

n? Tz
<PQ (X, P) = _ﬁkukvkw {/T df)d]-z (é‘, t) amxu (gz T, T, t) an,xv (é‘, T, T, t) amxw (C, T, T, t)
1

axv (gr T, T, t) - Zaxv (gr 7T, T, t)

Xy (6, r, 1, t) zaxu (& T, 1, t)}
oTT; o7T;
] ]

87'[,‘ 871','

+/: dtx (2,1) {

aXZU (gl 7r/ Tl/t) axw (5/ n/TZIt)
X -2
a7 o)

} (83)
{ g }_{ X, }(X(x,p,n,O),I’(x,p,’n,O)+hk/2,t,‘r1)
P

T

When atoms move between the Raman pulses under the action of the homogeneous gravitational
field g of the Earth and the inhomogeneous perturbation dg(x, t) caused by the test mass, the only
contribution to x/;; (¢, t) (defined in Eq. (19)) results from the presence of the test mass,

Xij (% t) = Maxiji (x 1) (84a)

where:
Xijt (X, t) = 9x,7ij (X, t) (85)

Since we calculate the Al phase to first order in Jg, it is sufficient to calculate the atom trajectory
in Eq. (83) to zeroth order in dg, i.e., to set:

(0)
{ )IS } (x,pt,t) = { >I§(0) } (x,p,t,t') (86)
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which results in: 5
(0) _ Y
9 X; (xptt) = N (t—t) (87)

a

where J;; is a Kronecker delta. Moreover, since we are interested in calculating ¢¢ (x, p) to second
order in the recoil momentum 7k, we can neglect the contribution of the recoil term in the braces of Eq.
(83). We then apply the multiplication law (40) and obtain:

h? T
0o (v p) = 5y pkikih {2 dtii [XO (x,p,8,0),#] (£ = 1) + [2dty [XO (x,p,,0), 1] (15— 1)} (88)

As before, we transform the integral to one from zero to T,

lia
$o (x,p) = 24M2k ikiki [0 de {93)@]1 [X(O (x,p,11 +6,0), 11 + 0] (T - 9)3)(,»]-, {X(O) (x,p,2+0,0), 15 + 0] } (89)

If the test mass moves without rotation, then:

Xijt () = Xiji [x = xm ()] (90)

and:

2 T 0% xii [X© (x,p, 71 +6,0) — X (11 + 0
b0 (xp) = h zkkkl/ " X]l3[ ( 0P 1 ) (1 )} o1)
UM o | (T =00 x [XO) (69,2 46,0) — i (2 1)

This is the exact expression for p ; that is used in Section 3.

We can obtain an approximate expression for ¢¢ (x, p) when the distance between the atoms
and the test mass is sufficiently large to keep only those terms that are linear in the field curvature.
If we choose:

xoc = % Jo 40 {6> [X© (x,p, 71 +6,0) = xu (11 +0)| + (T =)’ [XO (x,p, 72 +6,0) = xus (2 +6) |} (92)
and expand:

Xijt (%) = Xiji (xac) + (3xc),,, Xijt (xac) (x —xqc),, (93)

the contribution to the Q-term from the second term in Eq. (93) vanishes, and we find an approximate
expression ¢, for the phase given by:

12
(PQ (X’ P) ~ (PQa (X, ) 48M2k k lel]l (XQC) T (94)
3. Point Source Test Mass

For a point source test mass M moving along the trajectory x, (¢), the gravitational field,
gravity-gradient tensor and gravity curvature tensor are given by:

og(x,t) = dglx—xm(t)]; og(x)= fGM% (95a)
dji XX
1) = b 0; 7 00 = 6 (5 - (95b)
Xijp (% t) = Xiji [x — Xm (£)] (95¢)
3 XiXjX]
Xijl (x) = GM i (5]'1361‘ + (Silx]‘ + (5i]«xl> —-15 7| (95d)

where G = 6.67428 x 10~!! m3/kg-s? is the Newtonian gravitational constant.
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We numerically calculated the classical part of the phase given by Eqs. (62c) and (66) (for é¢) and
the quantum corrections given by Egs. (62d) and (73) (for ¢,) and (91) (for ¢g) and determined when
these terms become measurable in the presence of phase noise given by Eq. (7). Moreover, we checked
the validity of the approximate expressions given in Egs. [(70), (67)], (77), [(81),(78)], and [(94),(92)].
The results vary with the test mass” weight, shape, trajectory, as well as with the operating parameters
of the atom interferometer.

The calculations are carried out for a test mass moving with constant velocity v,

Xm (t) = Xpo + Vit (96)
where:

Xm0 = (meIszOr ZmO) 97)

is the location of the test mass at time t = 0.

We assume that, at ¢t = 0, the atoms are launched from the origin of the north-east-down frame
in the vertical direction. That is, it is assumed that g is in the positive z-direction and that the cloud
position is given by:

z(t) = vot+%gt2 (98a)
x(t) = y(t)=0 (98b)

where vy = vju; is the launch velocity, taken to be along the z-axis. In this case, one finds from
Egs. (60c), (67), (78) and (92) that:

1 7
xc = —Xmo+[Vo—val (m+T)+ 58 (rf +21T + 6T2) (99a)
7 1 7 3
xqc = —Xmo0 + [VO — Vm] (Tl + 6T> + Eg (le + ngT_F 2T2> (99b)
T12 8 2
xoc = —xmo+Vo—vml (u+T)+g| 5 +ul+ T (99¢)

Recall that these values were chosen to ensure that the first order terms vanish in the expansions
given in Egs. (68), (79) and (93). As such, by expanding the expressions for ¢ about these points,
we obtained approximate expressions with corrections of order |x — xC|2 times derivatives of the
gravity gradient tensor, derivatives of the gravity-curvature tensor and second derivatives of the
gravity-curvature tensor for é¢, ¢, and ¢, respectively. As such, these choices improve the accuracy
of the approximations.

The launch velocity is chosen as:

vo=-g(u+T) (100)

corresponding to a symmetric fountain geometry in which the atomic cloud reaches its highest point
at time 12, when the second pulse is applied. Calculations have been performed for a stationary test
mass having:

1
xin (£) = X0 = (0, Ymo, Zm0) (101)
and a test mass moving with constant velocity v, = (5m/s,0,0) along the x-axis,

X2 (£) = %0 + Vot = (%m0, Ym0, Zm0) + (5 m/5,0,0) ¢ (102)

The parameters characterizing the atom interferometer, the test mass and the Earth’s field are
summarized in Table 1. Since the cloud trajectory and the effective wave vectors are vertical, y,,0 can
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be considered as an “impact parameter” for the test mass relative to the cloud trajectory along the
z-axis.

Table 1. Parameters of the atom interferometer and gravitational sources.

Earth’s gravitational field g = {O, 0,9.8m/ sz}

Multiple-fik beam splitter factor ng =25

Effective wave vector k ={0,0,—k}, k = 4.0275 x 108 m™1
Time between launch and first Raman pulse 7 =10 ms

Time between Raman pulses T =200 ms

Launch velocity vo=—-g(nn+T)

Error of atom interferometer phase measurement ¢y = 103 rad

Test mass M =50kg

Atomic mass 87

Equations (95) can be used either for a point mass or a spherical mass having constant density p
and radius:

3m 13
min — | 7~ 1
y [ yp P} (103)
For the highest density in nature, p = 22,600 kg/ mS, corresponding to osmium [52],
Ymin ~ 0.0808 m (104)

For impact parameters 1,0 < Ymin Egs. (95) are valid only for those values of z,, for which atom
trajectory does not intersect the spherical test mass. In the case of a stationary sphere, this requirement
translates into one in which the distance between the cloud and the sphere is always greater than ymyn;
that is, for any ¢ > 0:

Voo + [2(H) = zmo)* > ¥ (105)

With z(t) given by Eq. (98a) and v given by Eq. (100), we can show that this inequality is satisfied

1
- m —58(u+ T)? > Zyo, OF Zyo > m (106)

For the moving sphere, the range of allowed initial positions (X0, Ymo, zmo) for the center of the
sphere is more difficult to calculate. For this reason, in Case 2, we consider only impact parameters
larger than the sphere’s radius, ¥,,0 > Ymin, for which, evidently, any values of (X0, z;0) are allowed.

For each impact parameter y,,9 and for the parameters given in Table 1, we explore various test
mass positions and trajectories. The results of the calculations are illustrated graphically in Figure 2
for a stationary mass and in Figure 3 for a mass moving at constant velocity. Although the various
plots may be difficult to read at standard magnification, they can be read easily using the zoom feature
when read online in PDF format.

In the first two columns of Figure 2, we plot:

if:

(1) maximum of the magnitude of the phase |d¢|, ..

(2) maximum of the magnitude of the phase difference [6¢ — d¢p,|
(70), (99a), Plots bq,by;

(3) maximum of the magnitude of the quantum correction |¢q ‘max obtained from Egs. (62d) and (73),
Plots ¢1,c;

(4) maximum of the magnitude of the phase difference |4>q — Pgn |max obtained from Egs. (62d), (73),
(75a) and (77), Plots dq,dy;

(5) maximum of the magnitude of the phase difference |¢q — Pga ’max obtained from Egs. (62d), (73),
(81) and (99b), Plots eq,e7;

obtained from Egs. (62c) and (66), Plots ay,ap;
obtained from Egs. (62c), (66),

max
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(6) maximum of the magnitude of the quantum correction |¢Q|ma
Plots f1,f5;

(7) maximum of the magnitude of the phase difference |¢po — Pou|
and (99c), Plots g1,8>.

obtained from Eq. (91),

X

obtained from Egs. (91), (94),

max

In effect, Column 2 is a blow-up of Column 1 for values of ¥/,,0 < Ymin- Values of y;,0 < Ymin are
allowed provided inequality (106) holds. For the stationary test mass, the maximum values of the
various phases and phase differences occur if the mass is positioned as close as possible to the top
of the cloud trajectory, without touching it. For the parameters given in Table 1 and the trajectory
determined by Egs. (98a) and (100), the top of the cloud trajectory occurs for zymin = —0.22 m. As
a consequence, the maximum phases occur for y,0 = 0, 2o = Zmin — Ymin = —0.30 m. That the
maximum phases occur for y,,0 = 0 is evident in Column 2. The plots in Column 1 of Figure 3 mirror
those of Column 1 of Figure 2, except that Figure 3 is drawn for a test mass moving with constant
velocity in Figure 3. The maximum phases in this case occur for y,,0 = Ymin.

Phases ¢, ¢, and ¢¢ that lie above the dashed lines in these plots are measurable, since they
exceed the noise level. On the other hand, phase differences between the exact and approximate results
must lie below the dashed lines for the approximations to be good. For example, in Plot a;, we see
that the signal exceeds the noise only if y,,0 < 4.55 m, and in Plot bj, we see that the difference
between the exact and approximate expressions is below the noise level only if v,,0 > 0.525 m.
By examining the plots in Column 1 of Figures 2 and 3, we are able to determine the regions in which
the interferometric signal rises above the noise and also to determine the range of validity of the
various approximation expressions that we derived. The results are summarized below for the regions
of ymo listed in Table 2 that were obtained from Column 1 of Figures 2 and 3.

a 2 a
- -3 F
_ 1 _ 5 10
8 B 5 = 5x107'F
= 10t =, ® B
F ] = = ofF
< 2 PS 2 b3 4
g W0 2 —5x107
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by
= 1 —_
Kl 3 ! _ 102
5 101 5 o7 g 8 saof
= — b ° |
& 1077 & 05 5 g 0
1 1 o2 < I _sxaof
s 103—————— <——1 s & 2
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impact parameter Yo [m] impact parameter ypo [m] test mass z—coordinate [m]

Figure 2. Cont.
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Io—Pqalmax[rad]

d

22 of 28

impact parameter Yo [ml impact parameer yeo ] test mass z-coordinate [m]
Figure 2. Stationary source. Plot 2, maximum of the phase magnitude given in Egs. (62c) and (66)
versus the impact parameter y,,; Plot ap, the same as Plot a4, but for y,,0 < Ymin; Plot a3, dependence
of the exact (black curve) and approximate (red curve) phases as a function of the initial z-coordinate
(zmo) for {x0,ymo} = {0,0}, where the phase achieves its maximum magnitude; Plot a4, the same as
Plot a3, but for {xm0, ymo } = {0,4.55 m}, where the phase passes below the noise threshold ¢; Plots
{b1,by}, the same as Plot {ay, a;}, but for the maximum magnitude of the difference between exact
and approximate phases given in Egs. (62c), (66), (70) and (99a); Plot b3, the same as Plot a3, but for
{%mo,ymo} = {0,0.525 m}, where the magnitude of phase difference shown on Plot b; passes below
¢err; Plot by, the difference between black and red curves in Plot bs; Plots {c; — ¢4}, the same as Plots
{a1 — a4}, but for the magnitude of the quantum correction given in Eqgs. (62d) and (73); the values of
{%mo, ymo } are {0,0} for c3 and {0,1.16 m} for ¢4, where the magnitude of the phase difference shown
on Plot ¢ passes below ¢er; exact quantum correction ¢,, approximations ¢4, and ¢, are shown in
black, red and blue, respectively. Plots {dy — d4}, the same as Plots {b; — b4}, but for the maximum
magnitude of the difference between exact and approximate quantum corrections given in Eqgs. (62d),
(73), (75a) and (77); {xmo, Ymo } = {0,0.473 m} in Plot d3 where the magnitude of the phase difference
shown on Plot dq passes below ¢,,. Plots {e; — e4}, the same as Plots {d1 — dy}, but for the maximum
magnitude of the difference between exact and approximate quantum corrections given in Eqgs. (62d),
(73), (81) and (99b); {xm0, ymo} = {0,0.488 m} in Plot e3, where the magnitude of the phase difference
shown on Plot e; passes below ¢,. Plots { f; — f4}, the same as Plots {a; — a4}, but for the magnitude
of the Q-term given in Eq. (91); values of {x,,0, o} are {0,0} for f3 and {x,,0, ymo} = {0,0.292 m} for
fa, where the magnitude of the phase shown on Plot f; passes below ¢e;. Plots {g1 — g4}, the same
as Plots {b; — by}, but for the maximum magnitude of the difference between exact and approximate
Q-terms given in Egs. (91), (94) and (99¢); {xu0, ¥mo} = {0,0.166 m} in Plot g3, where the magnitude
of the difference shown on Plot g; passes below ¢e;;.
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Columns 1, 2 and 3 mirror

Columns 1,3 and 4 of Figure 2. Values of {x,0,ymo} are {—1.05m,ymin} for Plots a, f,
{—1.05m,4.53 m} for Plot az, {—1.05,1.34} for Plots by, { —1.13 m, Ymin } for Plot cp, {—1.22 m, 1.11 m}
for Plot c3, {—1.33 m,0.407 m} for Plot dp, {—1.21 m,0.732 m} for Plot e;, {—1.05m,0.249 m} for
Plot f3 and {—1.05 m,0.250 m} for Plot g5.
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Table 2. Locations of regions of validity of the exact and approximate expressions for the stationary
and moving test mass. The regions refer to Regions 1-7 given in the text.

Region Stationary Test Mass Test Mass Moving With Constant Velocity

1 Ymo < 0.166 m Ymo < 0.250 m
2 Ymo > 0292 m Ymo > 0.249 m
3 Ymo < 0473 m Ymo < 0.407 m
4 Ymo > 0.488 m Ymo > 0.732 m
5 Ymo < 0.525m Ymo < 1.34 m
6 Ymo > 1.16 m Ymo > 1.11m
7 Ymo > 4.55m Ymo > 453 m

Region 1. One should use the exact expression, Eq. (91), for ¢ in this region; only outside this region

are the approximate expressions given by Egs. (94) and (99¢c) valid (see Plots g in the figures);

Region 2. The phase ¢ is negligible in this region (see Plots f; in the figures);

Region 3. One should use the exact expressions, Egs. (62d) and (73), for the quantum correction ¢, in
this region; only outside this region does the approximate expression given by Egs. (75a)
and (77) become valid (see Plots d; in the figures);

Region 4. One can use the approximate expressions for ¢, given by Egs. (81) and (99b) in this region
(see Plots e; in the figures);

Region 5. One should use the exact expressions, Egs. (62c) and (66), for the classical part of the phase
d¢; only outside this region does the approximate expression given by Egs. (70) and (99a)
become valid (see Plots b, in the figures);

Region 6. The phase ¢, is negligible in this region (see Plots c; in the figures);

Region 7. The phase ¢ produced by the test mass falls below the phase noise ¢, so the effect of the
test mass cannot be measured in this region (see Plots a; in the figures).

Column 3 and 4 of Figure 2 and column 2 and 3 of Figure 3 give the dependence of the
various phases and phase corrections as a function of the initial test mass z-coordinate, z,,, for
fixed ym0. The value of vy, is chosen either at a value that gives the maximum phase or at
a value where the phase crosses the noise threshold, with the value of vy, chosen that gives
rise to the largest phase or phase difference. For example, in Plots a 3, c3 and f3, drawn for
ymo = 0, we see that the maximum phases ¢, ¢, and ¢g occur z,90 = —0.30, when the test
mass is just above the zenith of the trajectory. Moreover, if y,,0 = 0, it follows from Inequality
(106) that z,,p < —0.30 m and z,y > .08 m. All of these features are seen in Plots a3, c3,
and f3. Similar considerations apply for all of the other plots in Columns 3 and 4 of Figure 2 and
column 2 and 3 of Figure 3.

4. Conclusion

These numerical calculations show that the approximate expressions that were obtained based on
assumptions about the approximate homogeneity of the field in [51] for the classical contributions to
the phase or on the approximate homogeneity of the field gradient and curvature for the quantum
corrections to the phase become valid only in regions where the phases are smaller by 1-2 orders of
magnitude of the maximum values for the phases that occur in regions where the field inhomogeneity
plays an important role.

By using an effective wave vector that is 25-times larger than the wave vector of a two-field
Raman pulse, we reach a limit where the quantum correction ¢, is comparable to the classical part
of the phase, while the Q-term is still small. Further increase of the effective wave vector or time
interval T between the pulses could bring us to a situation when quantum correction dominates over
the classical part of the phase.
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Appendix
In this Appendix, we show how we arrive at Egs. (62) from Egs. (58b) and (60).

To calculate the phase ¢, (x,p), we need an approximate expression for the propagator

X (X (x,p,7,0),P(x,p,71,0) + ;%k, Ts, ’l’l) . Using Egs. (60) and (61), we find:

X (x,p,71,0) + 6X (x,p,71,0),

PO (x,p,71,0) + P (x,p,71,0) + %, Ts, T1

X (X (x,p,1,0),P(x,p,7,0) + hzk,'rs,*rl) ~ X0
2

+6X (X<O) (x,p,71,0),PO (x,p,1,0) + %k,rs, T1>

=X (x,p,7,0) + 56X (x,p, 71,0) +

1 T hk 1
_— |p0) (0) = _ - — )2
M, {P (x,p,1,0) +Ma/0 dtég [X (x,p, t,O),t} + 5 ] (—1) + 2g(TS )
+ /TS dt (t; —t) 0g {X(O) (X(O) (x,p,11,0) ,P(O) (x,p,7,0) + hjk,t, 7.'1> ,t] (A1)
T

From Egs. (60c) and (61), it follows that:
X(O) (X, p/ TS/ 0) = X(O) (X(O) (X/ p/ Tl/ 0) /P(O) (X/ P/ Tl/ 0) /TS/ Tl)
1 1
= XV p,,0)+ 5P (op, 1 0) (n— 1) +58(n—71)"  (A2)
a

allowing us to rewrite:

X (x (X/P/ T]/O) /P (X/P/ T]/O) + hfk/”%/ Tl) ~ X(O) (X, P/ TS/O) + hfk

2 o, (5T

T T
+ (T — Tl)/o ' dtég {X(O) (x,p,t,0) ,t} —l—/o "t (1 —t)dg {X(O) (x,p, t,O),t}

+ / "t (v, — ) bg {x@) (x(0> (x,p,71,0),PO (x,p,7,0) + %k,t, 7.'1> ,t] (A3)
T

Using the relationship:

nk Ik
X (X (xp,,0), P (b, 70,0) + 517 ) = - (6= 1)

+X(O) (X(O) (X, P/ T, 0) 7 P(O) (X, P/ T, 0) 7 t/ Tl)

hk
— x(0) AR
X% (x,p,t,0) + M, (t—mn) (A4)
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we can write:

X <X (x,p,,0),P(x,p,71,0) + F%k,'rs, Tl) ~ X0 (x,p, T, 0) + ;Wk (s — 1)
a

T T
Y (n—T) /0 Latog [X©) (xp,,0), ] + /O Lt (r — 1) 5g [X©) (x,p, £,0) ]

Ts
+/ dt (T, — t) 6g [X(O) (x,p,t,O),t}
it

+ /Tj dt (7, — t) {5g [x@) (x,p,£,0) + 2’;\14: (t— Tl),t:| —og X0 (x.p,1,0),¢] } (A5)
The propagator (60e) can be expressed as:
X (x,p, 7, 0) = /OTS dt (1, —t) 0g [X(O) (x,p,t,0) ,t}
-/ 1 at (%~ 1) 6g [X®) (x,p,1,0),1] + [ "t (1 - 1) g [X©) (x,p,1,0) 1]
= /TIT dt (1, — 1) og [X(O) (x,p,£,0), t] + /OTl dt (1 — t) g [X(O) (%, p, t,o),t}
+(n-7) /O " dtog [x<0> (x,p,1,0), t} (A6)

which coincides with the sum of the third, fourth and fifth terms on the right-hand side (rhs) of Eq. (A5)
and reduces to:

k k
X (X (x,p,7,0),P(x,p,71,0) + %,Ts, T1> ~ X0 (x,p,T,0) + h (s — 1) +6X(x,p, 7, 0)

ZM,;

Ts hk
_ (0) R
—I—./Tl dt (T t){ég [X (x,p,t,O)—|—2M

a

(t—7) ,t} —0g {X(O) (x,p,t,0) ,t} } (A7)

The first term on the right-hand side of this equation is responsible for the phase produced by
the Earth’s gravitational field. The second term corresponds to the recoil correction to the first term,
but this contribution vanishes when Eq. (A7) is substituted into Eq. (58b); there is no quantum
correction in a homogeneous field. The third term is responsible for the classical part of the phase
produced by the test mass, while the fourth term is the recoil correction to the third term.

Substituting this result in the brackets of Eq. (58b) for the first (s = 3) and second (s = 2) terms,
we arrive at Eq. (62).
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