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We use rubidium atoms with specified mass and internal energy to carry out a joint mass-energy test
of the equivalence principle (EP). We improve the four-wave double-diffraction Raman transition method
(4WDR) we proposed before to select atoms with a certain mass and angular momentum state, and form
a dual-species atom interferometer. By using the extended 4WDR to %Rb and ¥Rb atoms with different
angular momenta, we measure their differential gravitational acceleration, and we determine the value of
the Eotvos parameter, 17, which measures the strength of the violation of EP. The E6tvos parameters of the
four paired combinations °Rb |[F = 2)-¥Rb |F = 1), ¥Rb |F = 2)-¥'Rb |F = 2), Rb|F = 3)-¥Rb |F = 1),
and ¥Rb|F = 3)-¥Rb |F = 2) were measured to be n; = (1.5+3.2) x 107'%, n, = (—0.6 £3.7) x 10717,
= (=2.5+4.1) x 107'°, and n4 = (=2.7 & 3.6) x 107'°, respectively. The violation parameter of mass is
constrained to 17y = (—0.8 & 1.4) x 107!°, and that of internal energy to nz = (0.0 & 0.4) x 107'° per reduced
energy ratio a (a = hvy/m¥c?, and vy = 1 GHz). This work opens a door for joint tests of two attributes beyond
the traditional pure mass or energy tests of EP with quantum systems.

DOLI: 10.1103/PhysRevA.104.022822

I. INTRODUCTION

The equivalence principle (EP) is one of the basic assump-
tions of general relativity. Almost all new theories [1] that
attempt to unify gravity with the standard model [2] require
the EP to be broken. Experimental tests of EP provide op-
portunities for verification of different theoretical models and
the emergence of new physics. Mass tests of EP have been
performed in different ways, including lunar laser ranging [3],
torsion balance [4,5], and satellites [6]. They have achieved
a precision of 107'5 level [6]. EP tests using macro-objects
did not apparently involve energy changes. Only with micro-
scopic particles as test bodies can it be possible to perform
an energy-dependent test of EP by selecting certain internal
energy states of the particles. The early microscopic particle-
based EP test was done by neutron interferometers [7,8].
In recent years, with the development of atom manipulation
technology, an atom-based quantum test of EP has become
possible. As listed in Table I, mass tests with atoms have
been performed using Rb-3Rb, ¥’Rb-*K, and *¥Sr-¥'Sr
atom pairs [9—16]. Beyond-mass tests have been investigated
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using different quantum properties, including quantum statis-
tics [17], spin [18,19], superposition [19], and internal energy
[9,15,19]. An entanglement test [20] was also proposed. All of
these quantum tests use either a mass pair in a certain internal
state or a state pair in a single mass.

A joint test of two attributes, such as mass and internal
energy, covers the cross part (off-diagonal element) of the
checking matrix, thus it would provide more information than
the single attribute test. However, such two-parameter experi-
ments are usually not easy because we need to specify and fix
the attribute during the experiment. Meanwhile, we also have
to alter the attribute for different combinations while keep-
ing stable all other experimental conditions. For a quantum
system, such a joint test experiment depends on the avail-
ability of quantum control techniques. The main obstacles lie
in the technical complexity when putting dual-species atoms
and specific quantum states together in atom interferometers
(Als). It is rather difficult to satisfy the following requirements
in one experiment: (i) keeping the same specified quantum
state in an Al (ii) suppressing common mode noise for differ-
ent species of atoms; and (iii) adjusting the internal energy of
atoms.

Thanks to the four-wave double-diffraction Raman transi-
tion method (4WDR) we proposed before [12], by extending
4WDR to excited states here we achieve a joint EP test with
specified mass and internal energy states covering an energy

©2021 American Physical Society
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TABLE I. Mass and energy tests of the equivalence principle with atoms. AE is the mass-energy difference of the test pair, in units of GeV
(for mass) or GHz (for internal energy, 1 GHz = 4.14 peV). n; is the measured E6tvos parameter. 7, is the internal energy violation parameter

of reduced energy ratio a, where a = hvy/m’c* and vy = 1 GHz.

Mass pair F-F’ AE n; NEg Ref.
8Rb-¥Rb 2-1 1.86 GeV (1.2+1.7) x 1077 [9]
8Rb-¥Rb mixed 1.86 GeV (1.24+3.2) x 1077 [10]
¥K -¥Rb mixed 44.66 GeV (0.3 +£5.4)x 1077 [11]
85Rb - 8’Rb 2-1 1.86 GeV (2.8+£3.0) x 1078 [12]
¥K -¥Rb mixed @ 0Og 44.66 GeV (0.9+3.4) x 107 [13]
¥K -¥Rb mixed 44.66 GeV (—1.94+3.2) x 1077 [14]
88Sr-87Sr 0-9/2 0.93 GeV (0.2 +£1.6) x 1077 [17]
85Rb - %Rb 3-2 1.86 GeV (1.6 £3.8) x 10712 [16]
$Rb 2-3 3.04 GHz (0.4+1.2) x 1077 (0.1 £0.4) x 1077 [9]
87Rb mp = %1 (1.2+£3.2) x 1077 [18]
87Rb 1-2 6.83 GHz (1.4+2.8) x 107° (0.24+0.4) x 107° [19]
87Rb 1-1@2 (3.3+£2.9) x 107° [19]
87Rb 1-2 6.83 GHz (0.9+£2.7) x 10710 (0.1£0.4) x 10710 [15]
85Rb - ’Rb 2-1 1.86 GeV + 0.00 GHz m=(1.5+32)x10"1°
85Rb - ’Rb 2-2 1.86 GeV + 6.83 GHz n = (—0.6+3.7) x 1071°
8Rb-¥Rb 3-1 1.86 GeV — 3.04 GHz n = (=2.54+4.1)x 10710 This work

- - . eV + 3. z ng = (—2. .6) x 10~
8Rb-¥Rb 3-2 1.86 GeV + 3.79 GH (=2.7£3.6) x 10710

no = (—0.8 £ 1.4) x 10710 (0.0+0.4) x 10710

interval from micro-eV to giga-eV, in a dual-species atom
interferometer. E6tvos parameters are measured for the four
paired combinations, and constraints to mass and energy vio-
lation are then given (see Table I).

The significance of the joint test is that the same set
of experiments within the GeV-ueV scale EP test on the
two properties of mass-energy eliminate the systematic errors
caused by different experiments. It should be noted that al-
though the mass varies by 16 orders of magnitude from the
energy scale so that GHz cannot add quantitatively to GeV,
the values of these energies are invariant during the joint
experiment, so we can still conduct experiments with only
GHz scale change on the huge GeV scale background.

II. FORMULA FOR JOINT MASS-ENERGY
TEST OF EP WITH ATOMS

To parametrize possible contributions of mass and energy
to EP violation, we express the gravitational mass m, of a test
body as a sum of different types of mass-energy and their EP
violation terms,

A EA AEA
mg=Yy (4= =m+y =, )
A Cz A ¢

where m; = ) If—; is the inertial mass, A labels different inter-
actions, E* are their corresponding energies, c is the speed of
li§ht, and n* are EP violation parameters. If EP validates, then
n® =0.

In this experiment, we use ¥’Rb and %Rb atom pairs
with different hyperfine levels. The inertial mass is equal
to the sum of the mass of the lower ground state (LGS)
and the internal mass-energy. Then Eq. (1) is rewritten

as
ELGS AE
mg = (1+a) 2 +(1+'B)c_2
AE
= 4+a)my+ (1 +ﬂ)7
AE
=m;+amy+ f—, 2)
c
where m; = ECLZGS + % is the inertial mass, my = ECL;” is the

rest mass of LGS, and AE = EUSS — ELGS {5 the internal
energy, which is the difference between the LGS and the upper
ground sate (UGS). m; = mg because the internal energy (~
weV) is much smaller than the test mass (~GeV). For 3’Rb
and *Rb atoms, Eq. (2) is rewritten as

AE®Y
87 87 87, 87
m, =m; +a” my + B

2’

AESS
my =mP +a¥mi’ + f——, 3)
C

where %7 and o are the mass violation parameters of ’Rb
and 3 Rb atoms, respectively, and f is the internal energy vi-
olation parameter. AE is the internal energies (the difference
of two hyperfine levels; the kinetic energy difference of atoms
with a velocity of 2.5 m/s in the interference process is less
than 0.06 peV). We assign different mass violation param-
eters to account for the different composition and complex
interactions within each element. The EP violation between
two test bodies is described by the Eotvos parameter 7,

85 /,,,85 87 /,,.87
(mg /mi )_(mg /mi )
(m /i) + (i [T
Inserting Eq. (3) into Eq. (4), taking the denominator approx-
imately equal to 1, we get the E6tvos parameters of the four

“4)
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paired combinations as

M = o,

m = no — Be®,

3 = no + pe¥,

na =m0+ B — %), (5)

where % and ¢% are dimensionless energy scaling factors,
and B is the violation parameter of internal energy. We use
parameter 7z to represent the violation parameter of reduced
energy ratio a, where ng = Ba and a = hvy/m$c* = 5.22 x
107" (m® is the inertial mass of **Rb atoms, vy = 1 GHz).
The values of % and %7 are listed as follows:

85
gs _ AE

85 .2
m;, ¢

= 3.04a,

87

s AL
87 .2
i0 €
hl)()

85.2°
mgc

= 6.67a,

vo = 1 GHz. (6)

II1. 4WDR-e SCHEME

We proposed and implemented the 4WDR scheme in our
previous EP test [12] as shown in Fig. 1(a). The 4WDR
dual-species Al has the advantage of symmetrical-recoil
double-diffraction [21,22], common mode noise rejection, and
a magic intensity ratio (MIR, which means the total ac Stark
shift caused by Raman beams in dual-species Raman tran-
sitions is canceled to zero). However, the actual 4WDR Al
needs to apply a blow away pulse to clear the remaining atoms
in the middle path [as shown in the upper part of Fig. 1(b)],
which is not suitable for preparing UGS (*Rb |F = 3) or
87Rb |[F = 2)) AL To prepare UGS Al as shown in the lower
part of Fig. 1(b), an additional w-blow away pulse sequence
is applied to prepare the initial state and to select narrow
velocity atoms, and a repumping pulse is added to make the
intermediate path atoms deviate from the interference loop.
At the end of interference, a blow away pulse is used to clear
UGS atoms and a repumping pulse is used to pump atoms
to UGS for high contrast detection. In addition, to ensure
the synchronization of the dual-species atoms and reduce the
systematic error, a w-blow away state selection-repumping
pulse sequence for the preparation of the initial state and speed
selection is added to the LGS (*’Rb |[F = 2) or ¥Rb |F = 1))
Al, as shown in the upper part of Fig. 1(b). By doing this, the
4WDR is extended to be applicable to both LGS and UGS,
which will be called the 4WDR-e scheme hereafter. In the
experiment, the composition of the state selection pulses will
be different for different atom pairs. As shown in Fig. 1(a),
the frequencies of the Raman lasers satisfy the conditions

w1+ 6 =wry+ 68
= w3 — 3.04 GHz
— w, — 6.83 GHz, 7

Energy
A Fl=3
(a)
F=2
F=1
1.86 F=4
F=3
F=2
........... 85Rp ||:=2> / 87Rb ||:=1>
by — PRbIF=3>/"Rb[F=2>
Blow awav Blow away  Blow av;:{ay
State selection T T —
i Repumping2 l 2
_”‘_{a—p ............. ‘..-v

Repumping Repumping Blow away
T T — | Repumping

FIG. 1. Schematic diagram of 4WDR-e *Rb - ’Rb dual-species
AL (a) Relevant sublevels covering the energy interval from micro-
eV to giga-eV. Raman lasers with frequencies of w;, w,, and w; are
used for 35Rb atoms, while those with frequencies w;, w,, and w, are
for ¥Rb atoms; §; is the detuning of w;, §; is the detuning of w,.
o, and w, are detuned to the blue side of transitions Rb |F = 3) to
|F’ = 4) with a detuning of A, and ¥Rb |[F = 2) to |F’ = 3) with a
detuning of A,. (b) The 4WDR-e configuration for 35Rb - 8’Rb dual-
species Al. The blue dashed lines represent LGS atoms, and red solid
lines represent UGS atoms.

where §; and §;, (§; =- §,) are two-photon detunings of w; and
wy, respectively. The phase shift of a dual-species Al is

Ad = Akerg(T +20)T (1 + 41 /7 T), (8)

where Ak is the difference of effective wave vectors of the
dual-species atoms, and 7 is the duration of the 7 /2 Raman
pulses. As shown in Figs. 3(a) and 3(b) in Ref. [12], the
ac Stark shift caused by Raman lasers can be eliminated by
selecting the frequencies and optimizing the intensity ratio of
the Raman lasers. The common-mode phase noise caused by
shared w; and w; can be rejected. The phase noise of w; and
wy 1s suppressed by a double-diffraction Raman transition.
The interference path in 4WDR Al is completely symmetrical,
and the influence of the coupling between photon recoil and
gravity gradient can be decreased to a large extent. In addition,
the interference loop for one species atom remains at the same
internal state, thus systematic errors (such as ac Stark shift)
due to different internal states are also reduced.

The 4WDR-e scheme is explained here by taking ®Rb
atoms as an example. For LGS Al, the m-blow away
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FIG. 2. Schematic diagram of dual-species Al and experimental
setup. Experimental setup and process. PM: polarization maintain-
ing; C field coil: constant-field coil.

m-repumping pulses are added for state preparation and ve-
locity selection. The atoms in the interference loop are kept in
the |F = 2) state by performing upward and downward recoil
operations on the atoms at the same time. During coherent
operation, the atoms remaining in the |F' = 3) state will affect
the interference. Therefore, a blow away pulse is added to
clear atoms in the |FF = 3) state.

For UGS Al, the m-blow away pulses are added for state
preparation and velocity selection. After the atoms interact
with the first /2 pulse, they are transited from |[F = 2) to
|F = 3). A repumping pulse is used to pump the atoms from
|FF = 2) to |F = 3). Although this process cannot completely
clean up the atoms in the |F = 2) state, it can ensure that
they are only in the background without participating in the
interference process. Due to the presence of a repumping
pulse, the atom number in the background increases sharply.
To decrease the background, we use a blow away repumping
pulse sequence after the last Raman 7 /2 pulse, and we only
detect the atoms in the |F = 2) state that participate in the
interference loop. Note that, for atomic interferometers in
8Rb|F =2) and ¥Rb |[F = 1) states, since the blow away
and repumping pulses used during the detection change the
detected state, a correction of a  phase is required to be added
to the phase shift.

IV. EXPERIMENT

A. Experimental setup and process

The experimental setup is shown in Fig. 2, which is up-
graded from that in our previous work [12]. It is briefly

described as follows. The three-dimensional magneto-optical
trap (3D-MOT) of the lower part of the fountain is a (0,0,1)
configuration. The atom cloud with a temperature of 3 uK
is launched to a height of about 2 m by moving molasses.
The uniform magnetic field area for the atom interferometer
is >1 m. The piezoelectric ceramic mounted mirror is for
scanning the angle of the Raman lasers and compensating
for the Coriolis effect. A time-division-multiplexing method
[23] is used to couple multiple laser beams into one fiber. A
group of Raman beams (w;, w3, and w,4) propagate downward
through the top window of the vacuum chamber. Another
group of Raman beams (w;, w3, and w4) propagate upward
through the bottom window of the vacuum chamber. An active
compensation is used for the magnetic field shield to further
reduce fluctuation of the magnetic field. The fluorescence of
85Rb and ¥Rb atoms is alternately collected by detector A
and B to reduce errors caused by the inconsistency of the de-
tectors. For dual-species Al with different atom pairs, atoms
are initially prepared to states **Rb |[F = 3) and ®’Rb |F = 2).
The additional pulse sequences can be arranged differently.
The specific pulse sequence for the four pairs is shown in
Fig. 3. These pulse sequences are described in detail as fol-
lows:

(a) ¥Rb|F = 2)-¥Rb |F = 1) [Fig. 3(a)]. A 7-blow away
m-repumping pulse sequence is applied to 3SRb and 8’Rb for
state preparation and velocity selection, after which atoms
in states ®Rb |F = 3) and %’Rb |F = 2). Here, the m-pulse
is a weak single-diffraction Raman pulse used to transfer
narrow-velocity atoms. The blow away pulse is used to clear
the atoms residing in states °Rb|F =3) and Y’Rb|F =
2), and a repumping pulse is applied for repumping atoms
from ¥Rb|F =2) and ¥Rb|F = 1) to ¥Rb|F = 3) and
8Rb|F =2). A m/2-blow away-mw-blow away-7/2 pulse
sequence is applied to realize *Rb|F =2)-¥Rb|F = 1)
dual-species Al. Here, the blow away pulse is used to clear
the Rb |F = 3) and ¥Rb |F = 2) state atoms residing in the
middle path.

(b)¥Rb |[F = 2)-3"Rb |F = 2) dual-species Al [Fig. 3(b)].
A m-blow away pulse sequence is applied to ’Rb atoms
and a m-blow away-m .-repumping pulse sequence is applied
to 8Rb atoms for states preparation and velocity selection,
after which atoms in states ¥’Rb |[F = 1) and ®Rb |F = 3).
Here the m.-pulse, a copropagating Raman pulse, is used
to transfer 85Rb |F =2) atoms to state 3Rb|F = 3). The
purpose of other laser pulses is the same as that described
in Fig. 3(a). A m/2-blow away-m-blow away-m/2 pulse
sequence is applied to realize Rb|F =2) Al and a 7 /2-
repumping- -repumping-7 /2 pulse sequence is applied to
realize 3’Rb |F = 2) AL Here, the repumping pulse is used
to pump atoms in states S’Rb |[F = 1) to ¥Rb |F = 2), and
the blow away-repumping pulse sequence clears the atoms
residing in states S’Rb|F = 2) and pumps atoms in states
8Rb |F = 1) to 8’Rb |F = 2) for detection.

Since a copropagating Raman pulse is used for state inver-
sion of 83Rb, w3 needs to be reduced by 30 kHz after this pulse
to compensate for the frequency shift caused by photon recoil
and to satisfy the laser resonance conditions during the Raman
transition.

(c) Rb|F = 3)-¥Rb |F = 1) dual-species Al [Fig. 3(c)].
A m-blow away-m-repumping pulse sequence is applied to
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FIG. 3. Schematic diagram of 4WDR dual-species Als with specified mass and internal energy. (a) 8SRb|F = 2)-¥Rb|F = 1) dual-

species Al (b) 3Rb |F
dual-species Al

87Rb atoms, and a 7-blow away-7 .-repumping-7 -blow away
pulse sequence is applied to *Rb atoms for state prepara-
tion and velocity selection. The purpose of laser pulses is
the same as that described in Figs. 3(a) and 3(b). A 7 /2-
blow away-m-blow away-m /2 pulse sequence is applied to
realize 8Rb |[F = 1) Al and a 7 /2-repumping-7 -repumping-
7 /2 pulse sequence is applied to realize ®*Rb |[F = 3) Al
The blow away-repumping pulse sequence clears the atoms
residing in states ®Rb|F = 3) and pumps atoms in states
8Rb|F = 2) to ¥Rb|F = 3) for detection.

Again, since a copropagating Raman pulse is used for state
inversion of °Rb, w3 needs to be increased by 30 kHz after
this pulse to compensate for the frequency shift caused by
photon recoil and to satisfy the laser resonance conditions
during the Raman transition.

(d)¥Rb |[F = 3)-¥Rb |F = 2) dual-species Al [Fig. 3(d)].
A m-blow away pulse sequence is applied to 3°Rb atoms
and %’Rb atoms for states preparation and velocity se-
lection. The purpose of laser pulses is the same as
that described in Figs. 3(a) and 3(b). A m/2-repumping-
m-repumping-w /2 pulse sequence is applied to realize
8Rb |F = 3)-%Rb |F = 2) dual-species Al The blow away-
repumping pulse sequence clear the atoms residing in states
8Rb |F = 3) and ¥Rb|F = 2), and pumps atoms in states
BRb|F =2),¥Rb|F = 1) to¥Rb |F = 3),¥Rb |F = 2) for
detection.

=2)-%Rb|F = 2) dual-species Al (c) ¥Rb |F =

3)-¥Rb |F = 1) dual-species Al (d) **Rb |[F = 3)-¥Rb |F = 2)

B. Experimental results

The statistical uncertainty is improved (from 8 x 107° [12]
to 6 x 10~!'") by improving atom numbers, compensating for
the rotation of the Earth, increasing stability, and the free
evolution time. To increase the signal-to-noise ratio and to
suppress systematic errors, the z-direction effective tempera-
ture of the atoms participating in interference is lowered to
400 nK. The evolution time 7 among m /2-w-7 /2 Raman
pulses is carefully adjusted to 203.164 ms to minimize ellipse-
fitting error [24,25].

The experimental data for four combination pairs are
shown in Fig. 4. Figure 4(al) shows 640 measurements of 7,
using the 3Rb |F = 2)-3"Rb |F = 1) atom pair, where each
measurement is given by ellipse fitting (with a free evolution
time of 203.164 ms and a measurement time of 280 s for
two detectors). The average value of these measurements is
2.5 x 10719, Figures 4(a2), 4(a3), and 4(a4) show 512 mea-
surements of 1, 173, and 74 using 3Rb |F = 2)-3Rb |[F = 2),
85Rb |F = 3)-%Rb |F = 1), and ¥Rb |F = 3)-3Rb |F = 2)
atom pairs, respectively. The Allan deviations are shown in
Fig. 4(b). The red squares are data of n;, and the statistical
uncertainty is 0.6 x 107”0 at an average time of 35 840 s.
The black dots, green boxes, and blue triangles are data of
12, 3, and ng, respectively. The corresponding statistical un-
certainties at an average time of 17 920 s are 1.8 x 10710
2.5 x 1071 and 1.8 x 10710, respectively.
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FIG. 4. Experimental data. (a) Experimentally measured 1 values, where the error corresponding to the effective wave vector is corrected.
Parts (al), (a2), (a3), and (a4) are measurements for 71y, 172, 73, and 74, respectively. (b) Allan deviation of 7, (red squares), n, (black dots), 13
(green boxes), and n4 (blue triangles). (c) Dependence of 1 values on energy, the intercept value of the fitted straight line ny = (—0.8 £ 1.4) x
107'°, and the slope value g = (0.0 £ 0.4) x 107, a = hvy/m¥c? and vy = 1 GHz.

V. ASSESSMENT OF SYSTEMATIC ERRORS

Compared to previous work [12], the systematic errors
are suppressed by correcting the wave vector, optimizing
MIR, compensating for the rotation of the Raman beams
mirror, calibrating the gravity gradient error, the quadratic
Zeeman shift, and suppressing the wave-front error. Sys-
tematic errors are calibrated by modulation experiments and

theoretical calculation. These assessments are described as
follows.
A. Correction of the wave vector

The phase-shift difference between 3°Rb and *’Rb atom
interferometer is described in Eq. (8). The values of Akes
with different atom pairs are listed in Table II, where T =
203.164 ms, 7 = 31 us, and the uncertainty of the wave-
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TABLE II. The values of Ak with different test pairs.

Test pairs D 2) 3) 4
Afrec (kHz) 0 30 -30 0
Akgr (m™")  159.2402  159.2415  159.2390  159.2402
An (10719) 49435.6 49436.0 494352 49435.6
(DBRL|F =2)-YRb|F = 1)

(2)¥Rb |[F = 2)-YRb |F = 2)

B)¥Rb |F =3)-¥Rb|F = 1)

(4)®Rb |F =3)-¥Rb|F = 2)

vector correction is 5x107!'. The difference of Afie is
caused by the frequency change of w; after applying coprop-
agating state selection pulses.

B. ac Stark shift

The ac Stark shift is caused by Raman lasers, blow away,
and repumping lasers. In our previous experiment [12], the
MIR of the Raman lasers was set to Iy : [, : I3 :1; =1.0:
1.0 : 3.1 : 14 with an accuracy of 10%, which was limited by
the fluctuation of the Raman laser intensities. The maximum
residual ac Stark shift was calibrated to be 6 kHz by modulat-
ing the Raman laser intensity from 10% to 100%. To reduce
the shift, the MIR of the four Raman lasers is controlled to
I :L:1:1;y=1.00:1.00:3.05: 14.3. The long-term drift
of the laser intensity is decreased to less than 2% by con-
trolling the temperature of the optics table, feedbacking, and
isolation of the vibration of optics. The shift is reduced to less
than 500 Hz. The dependence of the ac Stark shift on the ratio
precision is shown in Fig. 5. To estimate the influence of the
ac Stark shift on n, we simulate the shift caused by Raman
lasers as

_ dw up
Ap = 8t (52 — 82P), 9)
1L = MIR 1.00:1.00:3.05:14.3
+ MIR 1.0:1.0:3.1:14
(1 i _
. ¥ 3 & .
£ ot
=3
= .
E 2F
[Z2]
>
2 3L
[} ¥
3
g 4t
w
5t
-6 1 1 1 1 Il
0.0 0.2 0.4 0.6 0.8 1.0

Raman laser intensity (arb.units)

FIG. 5. Dependence of the ac Stark shift on the magic intensity
ratio of the Raman lasers. MIR =1, : I, : I3 : I;, which is magic
intensity ratio of four Raman beams with frequencies of w;, w,, ws,
and wy4. The red dots are data before improvement when changing
the Raman laser intensity from 10% to 100%, the maximum residual
frequency shift is 6 kHz. The blue squares are data after improve-
ment, and the frequency shift is less than 500 Hz. The error bars are
obtained using Gaussian fitting.

10

10 Az,

210 |

0 5 10 15 20 25 30
Pulse duration (ms)

FIG. 6. Dependence of n; measurements and their residuals R on
the duration of blow away pulse. The blue squares are experimental
data, and the red curve is the quadratic polynomial fitting. The error
bars are got by the Allan deviation with an integration time of 4480 s
or 8960 s. The corresponding value of A, is fitted as 0.1 x 10710 at
pulse duration of 2 ms. The red dots are residuals, and the black line
is the quadratic polynomial fit, the uncertainty of An, is obtained as
0.2 x 107'° by the deviation of residuals.

where 89 and §,¢ are ac Stark shifts of the downward part
and the upward part of the interference loop at the time of the
second Raman pulse. This shift is mainly caused by the resid-
ual ac Stark shift associated with the Raman laser intensity
gradient. Considering laser beams with a diameter of 30 mm,
pulse duration T = 30 us, evolution time 7 = 203 ms, and a
residual ac Stark shift that is less than 500 Hz, the calculated
uncertainty of n caused by the ac Stark shift is less than
0.1 x 10710,

To investigate the ac Stark shift of blow away and repump-
ing lasers, we modulate the duration of blow away pulses, and
we measure the An;. The ac Stark shift contribution due to
blow away lasers is evaluated as 0.1 x 107!° with an uncer-
tainty of 0.2 x 107'° (Fig. 6). According to Figs. 3(b), 3(c)
and 3(d), the blow away and repumping lasers are different for
specific combination pairs, and the corresponding An values
are Ay = (0.4+£0.8) x 1071°, Apz = (0.0 £0.2) x 10710,
and Ans = (=0.14+0.2) x 1071,

C. Coriolis effect

Due to the horizontal velocity distribution of atom clouds,
the Coriolis effect caused by the Earth’s rotation couples to
the free-falling atoms, so that the fluctuation of position and
velocity of atom clouds leads to an uncertainty of n measure-
ment. The Coriolis effect is expressed as

Ap =29 - (AVy x ke)T?, (10)

where Qf is the Earth’s rotation, and AV is the horizontal
velocity difference between two species atom clouds. Since
the detectors are fixed, the phase difference mainly depends
on the overlap degree of the atom clouds. In our experi-
ments, the Coriolis effect is reduced mainly in two ways:
one is to overlap the atom clouds and to reduce atom tem-
perature; the other is to compensate for the rotation of the
Raman laser mirror [26,27]. We design and implement [28] a
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FIG. 7. Dependence of Ans measurements on the position dif-
ference of two atom clouds. The velocity difference is 24 mm/s and
the interval between velocity-selection pulses for ¥Rb and *’Rb is
140 ms. The position difference is 3.36 mm, and the fitting value
is (3.6 £ 0.5)x 107! /mm. The error bars are obtained by the Allan
deviation with an integration time of 4480 or 8960 s.

two-dimensional rotation compensation system for the Raman
laser mirror. We perform rotation compensation for the east-
west and the north-south direction. The phase responses to
the rotation compensation are Ang_w = 1.1 x 10~/ and
Ans_x = 1.6 x 107?/Qg, and the total residual contribution
of the Coriolis effect is An = (—0.1 £ 0.4) x 10719,

D. Gravity gradient

The phase shift caused by the position difference between
the two atom clouds is [29] A¢ = kergT?, where Ag =
T..Ah, and T, is the gravity gradient in the z-direction. The
center positions of two atom clouds are measured by the
time-of-flight (TOF) signal. The trajectory overlap of atom
clouds is optimized by adjusting the background magnetic
field in the MOT area, the detuning of moving molasses lasers,
and velocity selection. We use three sets of pulses for gravity
gradient modulation experiments. The first set of pules is for
velocity selection of ®Rb and 8’Rb atom clouds. The second
set of pulses causes **Rb and 8’Rb clouds to obtain recoil ve-
locities in opposite directions, so that their velocity difference
is Av =24 mm/s. The third group of pulses reverses their
velocity directions. Thus, we modulate the relative position of
two species atom clouds and measure the gravity gradient.

From the linear fitting of the data, the gravity gradient
value we obtained is (3.6 £0.5) x 107! g/mm, as shown
in the Fig. 7, which is slightly larger than the typical value
(3.1 x 107!9 g¢/mm) on the surface of the Earth. The uncer-
tainty of position difference is measured by time fluctuation
of the TOF signal as 0.79 mm, and the uncertainty of 1 mea-
surement corresponding to gravity gradient is 2.8 x 10710,
The phase shift caused by the velocity difference between
the two atom clouds is A¢ = kg T,. AupT?>. In our experi-
ment, the velocity uncertainty due to the residual ac Stark
shift (< 125 Hz), the quadratic Zeeman shift (< 100 Hz),
and the Raman laser frequency difference (< 100 Hz) is less
than 100 um/s. Considering 7., = 3.1 x 10~7g/m and T =
203.164 ms, the corresponding phase shiftis 6 x 10~!2, which
is much smaller than the error of the gravity gradient term.

1010 A,
o
T
]

2L

4L
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A4 ro
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/(mA)

10"°R
o
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FIG. 8. Dependence of uncertainty of n; measurements and their
residuals R on the current C-field. The blue squares are measure-
ments using I. = 50, 150, 200, 300 mA. The error bars are obtained
by the Allan deviation with an integration time of 4480 or 8960 s.
The red line is a fitting curve. The corresponding value of An; is
fitted as 0.5 x 107! when the I. is extrapolated to 320 mA. The red
dots are residuals, and the black line is the quadratic polynomial fit.
The uncertainty of An, is obtained as 0.3 x 107'° by the deviation
of residuals.

E. Quadratic Zeeman shift

In®Rb-3¥Rb 4WDR dual-species Al the phase shift due
to the quadratic Zeeman effect is given by

A¢ = 27 (Zg7—r — Zgs—F) / [B*(t)* — B™(t)*1dt, (11)

where I. is the current of the constant-field coil, which
provides a constant magnetic field, Zg;, g and Zg g are
quadratic Zeeman shift coefficients of 85Rb-3"Rb |F, mp =
0) states, and B'? and B are magnetic fields of the down-
ward and upward path, respectively. The quadratic Zeeman
shift of ®Rb atoms was measured by Li et al. [30]. The
Zeeman frequency shift coefficients of the magnetic sub-
level of ground fine structure of 8Rb are Zgs_; = —288
Hz/G? (for ¥Rb|F = 1, mp = 0)) and Zg;_, = 288 Hz/G?
(for ¥Rb |F = 2, mp = 0)), while those of 3’Rb are Zgs_» =
—647 Hz/G* (for ¥Rb|F =2, mp = 0)) and Zgs_3 = 647
Hz/G? (for ¥Rb |[F = 3, mp = 0)). The experimentally mea-
sured A7 values for Rb |F = 2)-3Rb |F = 1) with . = 50,
150, 200, and 300 mA are shown in Fig. 8. The corresponding
value of Ap; is fitted by

Ag¢ik; = al? + bl + c, (12)
where
_ ketrT?

27 (Zg1-F — Zgs—r)
For «1(Zg7—1,Zg5—2), we get An; =(0.5+0.3) x 1010
when the I. is extrapolated to 320 mA, where the bias
value (1.4 x 107'%) of quadratic polynomial fitting includes
the contributions of the zero C-field and other exper-
imental parameters. Since the contribution of the zero

C-field (2 x 10713) can be ignored, the bias term is de-
duced from the contribution of a quadratic Zeeman shift.

13)

Ki
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FIG. 9. Dependence of n measurements and their residuals R
on the size of detection beams. The blue squares are measurements
using a detection beam with a diameter of 5, 10, 15, and 20 mm. The
uncertainties of four measurements are all within 1.0 x 107!°, The
error bars are obtained by the Allan deviation with an integration
time of 4480 or 8960 s. The corresponding value of An is fitted
as 0.5 x 107! at a beam diameter of 15 mm. The red dots are
residuals, and the black line is the quadratic polynomial fit. The
uncertainty of Az, is obtained as 0.5 x 107'° by the deviation of
residuals.

According to Egs. (12) and (13), the corresponding An
values of the other three combination pairs given by us-
ing k2(Zg7-2, Zgs5—2), k3(Zgr—1,Zg5—2), and k4(Zg7-_2, Zgs5_3)
are evaluated as Ay = (1.3£0.8) x 10719, Az = (—1.3 %
0.8) x 1071% and Any = (0.5 +0.3) x 1071°, respectively.

F. Wave-front aberration

We use the expansion-rate-selection method [31] to sup-
press the phase noise caused by the wave-front distortion of
the Raman lasers. The corresponding error due to wave-front
aberration is analyzed and estimated by modulation experi-
ments. We use an initial temperature of 3 ©K, and detection
beam diameters of 5, 10, 15, and 20 mm to measure the
wave-front distortion. The experimentally measured Az value
for 8Rb |F = 1)-%Rb |F = 2) versus the size of the detec-
tion beams is shown in Fig. 9. The actual beam diameter is
15 mm, so the contribution of wave-front distortion is fitted as
(0.540.5) x 10719,

G. Other systematic errors

The errors caused by tides, absolute wavelength of lasers,
chirp rate, mirror angle (pointing direction of the Raman
beam), and timing control accuracy that are suppressed in
4DWR-e Al are small enough. The collision shift, which
depends on the density of the atoms, is also very small under
the present condition. The total uncertainty of the contribution
of these parameters is 1.0 x 10710,

H. Summary

The final data of E6tvos parameters are shown in Fig. 4(c).
Fitting with Eq. (5) gives np = (0.8 & 1.4) x 1071%, np =
(0.0 £ 0.4) x 1071 per reduced energy ratio. The error bud-
get is summarized in Table III.

VI. CONCLUSION

To conclude, we have completed a joint test of the equiv-
alence principle (EP) using atoms with specified mass and
internal energy in one experiment. We observed no violation
of EP at the 107!° level in the 1eV-GeV mass-energy range.
The use of a 10-m atomic fountain can realize an atom inter-
ferometer with T ~ 1 s, and the precision can be improved to
10~'2 or even better. Compared with the previous tests, this
work gives the mass constraint parameter 1 and the energy
constraint parameter ng simultaneously. The current value of
ng was obtained from a large mass-energy gap experiments.
It can be further improved by other mass-energy experiments
such as metastable alkaline earth AI at the eV region. The
gravity gradient is the main systematic error. To fix this issue,
there are two improvements that must be made in the near
future. One is to stably control the relative initial position and
initial velocity of the two atom clouds by using an optical
lattice to coherently accelerate the atoms. Another way is to
reduce the influence of the gravity gradient by using recently
developed techniques [32,33]. With steady improvements of
Al technology, such as the application of high-sensitivity [16]
and long-baseline [34,35], fully quantum tests [20,36] of EP
will become possible in the future.
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