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Time-optimized atomic lensing mechanism for the source preparation of dual-species atomic gases
in an atom-interferometric test of the weak equivalence principle
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In the atom-interferometric test of the weak equivalence principle (WEP) with multicomponent atomic
gases, the difference in the center-of-mass positions between different components, as well as the difference
in the center-of-mass velocities, leads to systematic uncertainties. An effective way to reduce these systematic
uncertainties is to suppress such differences at the preparation stage of atomic sources. In this work, we propose
an efficient strategy for preparing two-component gases with a perfectly spatial overlap of the center-of-mass
positions and that of the velocities, according to a scheme of the time-optimized atomic lensing mechanism.
The key of the time-optimized atomic lensing lies in a two-step quench process of the trap frequency, which is
accessible in free-fall experiments by appropriately manipulating the trapping frequency and the center position
of the trap. By taking a dual-species rubidium atomic gas as an example, our calculations indicate that the
differences in the center-of-mass positions and velocities between *Rb and ¥Rb atoms are simultaneously
eliminated, which provides an optimized starting point to test the WEP. An estimation of the systematic
uncertainties is also presented. Our method can serve as a potential protocol for the preparation of atom sources
in tests of the WEP with multicomponent atomic gases.
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I. INTRODUCTION

The weak equivalence principle (WEP), the irrelevance of
the trajectory of a freely falling “test” body to its internal
structure and composition, is one of the fundamental parts of
the equivalence principle, which is one of the basic assump-
tions of Einstein’ s theory of general relativity. Almost all
theoretical attempts that try to unify gravity and the standard
model require the violation of the equivalence principle [1].
Therefore, it is important to explore the applicable extent of
the WEP, which may give birth to new quantum gravity theo-
ries. The test of the WEP with atoms [2—-12] is as important as
that with macroscopic objects [13—17], and it usually relies on
the technique of atom interferometries, which was developed
about three decades ago [18].

Tests of the WEP with atoms concern not only the factor
of the violation of the WEP resulting from the mass [2-8] but
also possible factors of those resulting from quantum statistics
[9], spin [10,11], superposition [11], internal energy [2,11],
and mass and energy [12]. An entanglement test using differ-
ent atomic species was also proposed [19]. Multicomponent
atomic gases are widely used in tests of the WEP. As the mea-
surement accuracy of atom interferometers has improved, the
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uncertainties of the positions and velocities of atomic gases
and the center-of-mass positions and velocities have gradually
become the main sources of systematic errors [20-22]. For
example, the center-of-mass position uncertainties of atomic
gases must reach the level of nanometers for a WEP test with
an accuracy of 10~'% [23-25], and uncertainty less than a
few micrometers is still required by the compensation method
[26]. The noncoincidence between the center-of-mass posi-
tions of different components and the difference between their
initial center-of-mass velocities lead to additional systematic
errors [27]. An impressive amount of effort has been devoted
to suppressing the effects originating from those differences
[8,12,26,28,29]. Recently, a method to ensure coincidence us-
ing magic laser wavelengths for the optical lensing potentials
was proposed for specific species [30]. Currently, an ideal
preparation of multicomponent atom sources in atom inter-
ferometers is crucially needed.

In this work, an efficient strategy based on the so-called
atomic lensing mechanism is proposed for the preparation of
two-component atomic gases with perfect superpositions of
center-of-mass positions and velocities. Delta-kick collima-
tion (DKC) is one of the earliest forms of atomic lensing
used to cool atoms. The basic idea of the DKC mechanism
lies in the use of a pulsed harmonic potential onto a freely
expanding atomic cloud, which acts as a sudden “kick” and
brings the system to rest [31,32]. This narrows the momen-
tum distribution of the system and effectively lowers the
kinetic temperature as well. It was recently shown that the
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delta-kick effect in the DKC mechanics is equivalent to a
quench process from a higher trap frequency to a lower
one and is just a special case of atomic lensing with un-
bounded trapping frequencies [33]. For the effect of lowering
the effective temperature without atom loss within a short
time frame, the atomic lensing mechanism is used to sup-
press the systematic errors resulting from the uncertainties
of momentum distributions (or temperature), such as in the
atom-interferometric test of the WEP [8,34] and in gravime-
ters [35]. Here, taking a dual-species rubidium atomic gas
as an example, we develop a time-optimized atomic lensing
method by introducing a two-step quench process of the trap
frequency, which leads to a perfect superposition of the center-
of-mass positions and velocities between two components.
Our method can serve as a potential protocol for preparing
atom sources in a WEP test with multicomponent atoms. Our
analysis shows that the improved atomic lensing mechanism
may remarkably increase the coincidence, reduce the expan-
sion speed of atomic gases, and improve the accuracy of the
WEP test.

The rest of this paper is arranged as follows. The basic
theory of the atomic lensing mechanism is briefly reviewed
in the next section. Then the key idea of the time-optimized
DKC mechanism for a dual-species atomic gas is presented
in Sec. III. We propose a potential experimental protocol for
preparing a dual-species rubidium atomic gas by using the
time-optimized DKC scheme in Sec. IV. The estimation of
systematic uncertainties is analyzed in Sec. V. In Sec. VI, the
interaction effect is discussed. Our main results are summa-
rized in Sec. VIL

II. THEORY OF COOLING BY ATOMIC LENSING
MECHANICS WITH BOUNDED TRAPPING
FREQUENCIES

The process of cooling through an atomic lensing mech-
anism 1is utilized to narrow the momentum distribution of
atoms, thereby effectively lowering the effective temperature
of the system. It relies on the unitary dynamics governed by
a time-dependent Hamiltonian. For this reason, we briefly re-
view and discuss the basic theory for describing the dynamics
of noninteracting atomic gases in a time-dependent external
potential in the presence of gravity. In WEP-test experiments
with cold atoms [4,12], the kinetic energy dominates the
system, while the collision between atoms in a dilute gas
occurs locally, which preserves the conservation of energy and
momentum in the instants before and after the collision. As a
result, the interaction effect can reasonably be ignored. At low
temperature close to the critical temperature, the interatomic
interaction may come into play, which we discuss later.

Let us consider a noninteracting gas initially prepared at
equilibrium in a harmonic trap with frequency . The atomic
cloud is then made to evolve through the adjustment of the
trap characterized by a time-dependent frequency w(z). For
an individual atom, its motion is governed by the Hamiltonian
(the vertical downward direction is taken to be the positive
direction in our expressions)

2

P 1, 2
H(g,p.t) = %+§mw ®Olg — go®)]” —mgq, (1)

where p and g are, respectively, the momentum and position of
the atom, m is the atomic mass, g is the acceleration of gravity,
and go(?) is the central position of the trap. Here, we consider
only a one-dimensional configuration defined along the z di-
rection without loss of generality. It is a convenient choice for
the experiment with the WEP test. Since the trap frequency
o(t) and the trap center go(¢) vary in time, the atomic cloud
is expected to be displaced and to change size simultaneously.
For this reason, a canonical scale transformation is introduced
[36], i.e.,
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under which the Hamiltonian (1) is equivalently transformed
into a time-independent form:
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The requirement of equivalence between H(q, p,t) and
H'(P, Q) under the scale transformation simply yields the
equations satisfied by g., (f) and b(t), i.e.,
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with the initial conditions b(0) =1, b(O) =0, gm(0) =
q0(0), and g, (0) = 0. Here, the choice of the function F(¢)
in H'(P, Q) is irrelevant for the dynamics, which introduces
nothing but an additional gauge phase in the wave function of
the atom [36]. One easily finds that b(¢) describes the ratio
of the temporal atomic cloud size to the initial size, while
the center-of-mass position of the cloud is characterized by
gem(1). Similar quantum analogs of Eq. (6) were also found for
describing the dynamics of weakly interacting atomic gases
[37,38] and an ideal gas in harmonic traps [39].

For the conventional lensing mechanism according to a
sudden quench of the trap from a higher frequency wy to a
lower one wy (as plotted in Fig. 1, method A) [33], Eq. (6)
can easily be solved for time ¢ > 0 with the initial conditions
b(0) =1 and b(0) =0, i.e.,

2
b(t) = 1+[<@) —1i|sin2(a)ft). ®)
wy

We find that the instantaneous expansion velocity of the cloud
vanishes at the moment 7, = nx /2w with integer n > 0, i.e.,
b(t,) = 0. The effective temperature is lowered at this moment
as [33]

T(t)  b0)  oF
TO)  PU) of ©)

Therefore, the atomic lensing mechanism provides an efficient
method for the preparation of atom sources with low effective
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FIG. 1. The schematic of the DKC mechanism according to an
appropriate quench process for the trap frequency. Method A illus-
trates the route of the conventional DKC technique, whereas method
B is that of the improved DKC mechanism introduced in this work.

temperature according to an appropriately chosen time of the
lens 7 in experiments with atom interferometers [34,40-43].

III. TIME-OPTIMIZED ATOMIC LENSING CONTROL
FOR TWO-COMPONENT ATOMIC GASES

For WEP test experiments with two-component atomic
gases, the perfect spatial overlap of atomic clouds between
different components before release is crucial for suppressing
the systematic uncertainties. Specifically speaking, it requires
the coincidence of the center-of-mass positions and the center-
of-mass velocities between different atomic components. In
this section, we introduce an improved time-optimal atomic
lensing mechanism at the preparation stage of atomic sources,
which may efficiently remove the differences in the center-of-
mass positions and velocities of different atomic components.
The key to the improved time-optimal atomic lensing mecha-
nism lies in a two-step quench process of the trap frequency:
the quench from the initial trap frequency wy to an intermedi-
ate one w; at time ¢ = 0, followed by an additional quench to
the final trap frequency wy after evolution time 7. The release
time ¢, is appropriately chosen for the free-fall experiment
after the two-step quench process. A schematic of the time
sequence of the improved time-optimal atomic lensing mech-
anism is presented in Fig. 1 as method B.

To demonstrate the advantage of the improved time-
optimized lensing mechanism for the preparation of atom
sources, let us consider the experiment configuration of the
WEP test by using a dual-species *Rb and 8’Rb atomic gas
[4,12]. The atoms are first prepared for t+ < 0 in an initial
harmonic trap centered at go(t < 0) = zo. However, the trap
frequencies experienced by different atomic components are
generally not the same and are denoted by a)((f), and s = 85, 87
stands for the species of Rb atoms. The equilibrium center-
of-mass position of the atoms is at qg]:’o =70+ g/a)(()s)z.

; (5)
Subsequently, the trap frequency is abruptly quenched to w,;”,

while the trap center is accordingly changed to z;. The solu-
tion of Eq. (7) simply gives the evolution of the center-of-mass

position of species-s atoms in the duration time 0 < ¢ < 7,

g8 (1) = d{” cos (w{"1) + ¢, (10)

cm,1°
. 2 .
with d{” = ¢ —¢0) | and qu)l,f =z + g/w%. At time
t = t, the trap frequency is further quenched to w;f), and the
trap center is shifted to z¢. Then we obtain

@) = qiﬁ,f + [dés) + dfs) cos (wis)r)] cos[wy(t — )]

d ](‘Y)a)fs) sin (a)(ls)r)

wf
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with d{" = quyl - q&lf and q&)hf =zr+ g/wjf)z for T <
t < ty. When requiring the coincidence of the center-of-mass
positions of two species and their center-of-mass velocities
right at the moment ¢ = ¢, before the free-fall experiment, we
obtain two constraints on the choice of quench times 7 and 7,
and the corresponding trap center positions z; and zy at each
quench, i.e.,

A ) = g ), 4 () = 45 (). (12)

In addition, the evolution of the atomic cloud size for

each species during the two-step quench process is governed

by Eq. (6), which determines the final effective temperature

before the free-fall experiment. By solving Eq. (6) for the
two-step quench dynamics, we easily obtain

®\ >
W)= |1+ <w&)> — 1 |sin? (1) (13)
w

1

for0 <t < 7 and
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for T <t <ty and 6t =t — 7. Consequently, we may define
the effective temperature of the system at t =t as the av-
erage of those of two species, i.c., T =Y _¢s 7 TW(t7)/2,
where T(s)(tf) is the effective temperature defined by Eq. (9)
for the species-s component.

An ideal source of the WEP test requires the center-of-
mass positions, center-of-mass velocities, and the widths of
the position and velocity distributions of the different compo-
nents to be matched [44]. Here, we focus on the influence of
the center-of-mass positions and the center-of-mass velocities.
As the effective temperatures of the gases decrease, the widths
of their velocity distributions reduce, as do the uncertain-
ties in their velocities. So we take the optimized choice of
(.17, 21, 2f), leading to an expected effective temperature T
that is as low as possible before the free-fall experiment under
the constraints (12) that remove the differences in center-of-
mass positions and velocities between different species. This
can be evaluated as an implicitly constrained optimization
problem [45] as follows. For an initial guess of (zi, zr), the
quench times 7 and ¢; are solved from Eq. (12). The effective
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FIG. 2. The schematic of the numerical solution of implicitly
constrained optimization problems using the gradient method.

temperature 7 (z;, z ) and its gradient are then obtained in the
(21, zy) plane, which provides a reasonable guess of (zi, zy)
for the next step. The optimized solution can be searched ac-
cording to an iteration process once the effective temperature
T is as low as possible. Our numerical method is schemati-
cally illustrated in Fig. 2.

The differences in the center-of-mass positions
8z(t) =| g®)(t) — g8 (¢) | and velocities Sv(t) =| ¢8I (1) —
G8(t) | between two components in the two-step atomic
lensing process are presented in Fig. 3 (method B). We
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FIG. 3. The position difference 8z(¢) of the center of mass of the
two-component gases as a function of time (solid red line) and the
velocity difference dv(z) as a function of time (dashed blue line) for
(a) method A and (b) Method B. Here, the parameters are chosen to
be wy/2m = 286.5 Hz, w /2w = 47.7 Hz, and w; /27 = 31.8 Hz.

find that the differences in the center-of-mass positions and
velocities between 3°Rb and 8’Rb atoms are simultaneously
eliminated at time t =t;, which provides an optimized
starting point for the WEP test. For comparison, the results
of a conventional lensing method are also shown in Fig. 3
(method A). It can be seen that the differences in the
center-of-mass positions 8z(t) and velocities §v(¢) between
two species cannot be removed simultaneously. The starting
point for the WEP test according to the conventional lensing
method is usually chosen to be time ¢ =1;, when the
difference in center-of-mass velocities between two species
vanishes [46]. However, the difference in center-of-mass
positions may lead to additional systematic errors.

In this calculation, we assume that the sizes of the
two components are both 10 um, and the temperatures are
To =1 pK at the initial time ¢ =fy. In method A, t74) =
22.3 ms is chosen when the velocity difference between the
two components is eliminated. Thus, the corresponding ef-
fective temperature is consequently Ty = 170 nK. In method
B, tr@) = 8.6 ms is chosen to be the starting time for the
WEP test with vanishing differences of the center-of-mass
positions and velocities between two components, while the
corresponding effective temperature at 1 =ty is Ty = 13
nK and T(85)(ff(3)) ~ T(87)(l‘f(3)) ~ TB‘ ‘We find that the time-
optimized atomic lensing mechanism provides an efficient
scheme for the preparation of two-species atomic sources for
the WEP test with even lower effective temperature.

IV. EXPERIMENTAL PROTOCOL

The key technique in the time-optimized atomic lensing
mechanism lies in the precise and independent manipulation
of the trap center and trapping frequency experienced by
atoms. This can be achieved by using the technique of a time-
averaged optical potential (TOP) trap. Unlike that in Ref. [12],
the dual-species atomic gas is loaded into a TOP trap, which
is well controlled by a radio-frequency (rf) field through an
acousto-optic modulator (AOM) or an acousto-optic deflector
(AOD) [47-49]. The center of the TOP trap and the trap-
ping frequency experienced by atoms can independently be
adjusted by changing the center frequency of the rf field and
its bandwidth separately.

The proposed experimental setup is presented in Fig. 4.
The atoms are trapped on the focus plane of the lens by the
dipole force of the laser beam. In the presence of an AOD
(AOM) driven by a 1f field, the optical potential experienced
by atoms on the focus plane is modulated by the frequency
of the rf field, which effectively results in a time-averaged
trapping potential for atoms. Consequently, the trap center
is controlled by the center frequency of the rf field, while
the trapping frequency is independently manipulated by the
bandwidth of the rf field. Continuing to lower the trap fre-
quency wy can further decrease the effective temperature T,
i.e., Eq. (9). When the trapping frequency is too low to confine
the atoms, compensating for the effects of gravity in the TOP
trap with a linear potential becomes necessary [49]. Recently,
by combing the technique of the TOP and atomic lensing
mechanism, Ref. [42] reported that an atomic gas with an
effective temperature of 40 nK was acquired.
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FIG. 4. Schematic of the optical trap setup and experimental
process. The position of the center of the trap and the trap frequency
are controlled through the AOD (AOM); we can easily change them
in different stages by changing the rf frequency. The wave form of
the rf is modulated by an arbitrary wave-form generator (AWG).

V. ESTIMATION OF SYSTEMATIC ERRORS

The systematic errors in the WEP tests are determined by
all the effects influencing the relative phase of the dual-species
atom interferometer, except for the linear part of the gravita-
tional field. Take the gravity-gradient effect, one of the main
sources of systematic error, as an example. The systematic
error can be caused by the center-of-mass position difference
Az and the center-of-mass velocity difference Av through the
gravity-gradient effect, resulting in an acceleration difference
[12]

Ag =T (Az+ AvTvz), 5)

where I',; is the first order of gravity gradients and Tz is half
of the interrogation time of the Mach-Zehnder atom interfer-
ometer. In our recent work [12], the uncertainty of the position
difference in the molasses was 0.79 mm; the corresponding
uncertainty of the test was 2.8 x 10719, which was the largest
term in the test. The uncertainty of the velocity difference was
controlled below 100 um/s by the selection of Raman pules;
the corresponding uncertainty of the test was 6 x 10712,

In order to assess the practical feasibility of our method, the
impact of small experimental imperfections needs to be esti-
mated. Although Az = 6z(tr)) = 0 and Av = Sv(tsp) =0
in method B under ideal conditions, the uncertainties of Az
and Av can be caused by position errors of the trap centers,
time errors, the fluctuation of laser power, and the anhar-

monicities of traps during the experiments. We consider them
all independently and give the results in Fig. 5.

Under laboratory conditions, the time (the relative posi-
tion) controlled by the AOD (AOM) can be easily determined
to the 1-ps (0.1-um) level. Correspondingly, the determination
of the initial center-of-mass position is to the 1-nm level.
However, the determination of the initial center-of-mass po-
sition to the 1-nm level in one shot requires x below 1073,
which leads to high demands for the stability of laser inten-
sity. It is easy to get x = +/1073, corresponding to a 0.1%
fluctuation of the laser intensity in experiments; then we can
get the uncertainty of the center-of-mass position difference
8 Az = 39 nm and the uncertainty of the center-of-mass veloc-
ity difference 6 Av = 32 um/s in one shot according to Fig. 5.
And we can reduce the uncertainty of Az and Av by repeating
the experiment several times. If we take the the number of
measurements v = 10%, the uncertainty of the center-of-mass
position difference is below 1 nm, and the uncertainty of the
center-of-mass velocity difference is below 1wm/s, which
meet the requirements of a WEP test with a resolution of
10-15 [26].

The other effects, like the wave-front distortion of laser
beams and Coriolis effect, are more related to the difference
in the horizon. Also, we can use the atomic lens in the orthog-
onal horizontal transverse direction. The uncertainty caused
by the wave-front distortion can be suppressed to 10~!3 with
our expansion-rate-selection method [50], and the uncertainty
related to the Coriolis effect can be reduced to 10~'3 by
compensating for the rotation of the Raman laser’s mirror with
an accuracy of 10 nrad/s [51]. In conclusion, the joint mass-
energy test of the WEP is expected to be 10~12-10713[52].

VI. INTERACTION EFFECT

Previously, we discussed the time-optimized atomic lens-
ing technique for ideal gases. While the time-optimized
atomic lensing mechanism may dramatically reduce the effec-
tive temperature of a system, interatomic interactions might
come into play. In this section, we estimate the effect of
interactions between atoms. To start, let us consider the distri-
bution function f(r, v, ¢) of the system in phase space, which
obeys the Boltzmann equation [53,54]

d d 10U 0 int 0 d
o, of S _gmin 0f _

"9r maor av mor av

0, (16)
ot dr m or dv

where U(r, 1) =), ma)iz(t)ri2 /2 — mgz is the external poten-
tial, g, is the interaction strength, and n = f f(r,v,t)dv
is the density profile. Here, the dissipation of the system
is ignored. At equilibrium, i.e., df/dt =0, we obtain an
equation satisfied by the distribution function fy(r,v) at
equilibrium,

a a 28ine Ong 0
Y (w2l oo _ZmIMINY o 19
Bri’ Bv,-

m Brl’ 81),'

where we have redefined the coordinates as x’ = x,y’ = y, and
7 =z— g/wzz(t). At nonequilibrium, the distribution func-
tion is assumed to take the scaling form of f r',v,t)=
SoR(), V(t)), with R; = r}/b; and V; = bjv; — b;r] [53,54].
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FIG. 5. Azisrepresented by the red solid line, and Av is represented by the blue dashed line. (a) The duration of the first pulse is described
by ' =t + 87, and 8t describes the time error in the first stage. (b) The duration of the second pulse is described by #; = t; + &ty, and &ty
describes the time error in the second stage. (c) The relative position of the initial trap and the trap of the first pulse is described by z; = z; + 8z,
and 6z, describes the position error in the first stage. (d) The relative position of the initial trap and the trap of the first pulse is described by
z} = 7y + 08z, and 8z describes the position error in the second stage. (¢) The potential is described by U (z) = %mmw%m)zz — )\mg7a)§7mz3,
and A describes the anharmonicities. (f) The trap frequency is described by w(,) = (1 + X)), which is mainly affected by the laser power
fluctuation. The chosen parameters are wy /2w = 286.5 Hz, w, /2w = 47.7 Hz, and w; /2w = 31.8 Hz.

Inserting the scaling ansatz into Eq. (16), we get

Vi o . 0 2gine Onp 0
Z —ﬁ—b;R;(b;—i—w-zb;)ﬁ—ﬁﬂﬁ =0
b? OR; ;

i

(18)

We find that the time dependence of the distribution function
is entirely contained in the scaling factor b;(¢). Multiplying
both sides of Eq. (18) by R;V; and integrating over R and V,

ie., f R;Vi[- - - 1dRdV, we finally obtain the equation satisfied
by the scaling factor

. 1—¢ £
b+ 0?)b; = 02| ——= , 19
o) ”( B +b,.njbj) )
with
Enf
= ; 20
3 Eny + kT (20)
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FIG. 6. The interaction effect characterized by the parameter &’
as a function of the reduced temperature T = kzT /fiwy. Here, the
typical parameters are chosen to be wy/27 = 286.5 Hz, T) = 1 uK,
and N = 1.0 x 10°. The %Rb scattering length is ass = —443ay,
the 8’Rb scattering length is ag; = 99ay, the interspecies scattering
length is ag7_g5 = 213ay, and a is Bohr’s radius [56].

where E,,; = gint f né(r)dr is the mean-filed interaction en-
ergy at the initial equilibrium state and T is the temperature.
Equation (19) simply reduces to Eq. (6) in the noninteracting
limit with & = 0. Therefore, the interaction effect is character-
ized by parameter £ of the initial state with the density profile
no(r), which simply takes the Gaussian form

_ Nexp (- Y r?/205,;)
no(r) = 2n) " H3—1 o2,

with the spatial extension oy ; along the ith direction and N
being the total number of atoms. Then we find

527!
£ = [1 + _2\/;@,10(@) ] : 22)

, 2y

aN hawy

where a;, = +/I/wy is the harmonic length with respect to the
initial trap and a is the scattering length between atoms.

For a dual-species atomic gas, the total interaction energy
is accordingly expressed as [55]

1 1
Eiotal = N/ [5887”§7 + g87-85n87M85 + Egssnﬁs]dr- (23)
v

Then we have

E/ _ Etolal _ 1
Etotal + kBT 1 + @(L _2 L)T%

agy ag7—ss ass

. (24)

The estimation of the interaction effect £&” as a function of
the reduced temperature is presented in Fig. 6. The shaded
area is the typical region of the reduced temperature for ex-
periments with the WEP test [12]. We find that the interaction
effect is extremely small when the temperature of the system
is well above the transition temperature of Bose-Einstein con-
densation in our method. Thus, we may reasonably ignore the

interatomic interactions in the analysis of the estimation of the
systematic uncertainty.

VII. CONCLUSIONS

The two-component sources of atom interferometers can
be made to coincide in the center-of-mass positions and ve-
locities in a shorter amount of time directly by changing
the trap frequency and trap center during the atomic lensing
process, and this process reduces the effective temperatures of
the atomic gases effectively. Optimized atomic sources with a
lower effective temperature are critical for future experiments.
These sources can significantly reduce systematic errors,
shorten preparation time, and ensure long-term uncertainty
limits are reached faster in WEP tests. Furthermore, reducing
additional processes, such as the adjustment of atomic posi-
tions using Raman pluses, not only reduces the preparation
time of the sources but also avoids the heating of the atoms
and the loss of the effective atomic number for the atom
interferometer. Although the nanokelvin level of the effec-
tive temperatures in our protocol is sufficient for experiments
currently, picokelvin-scale effective temperatures are needed
for future experiments and were discussed in [40,41,57-59].
In our method, the interactions are small enough to ignore.
Actually, even if the initial temperature is so low that the
interactions cannot be ignored, we can add a free expansion
stage or invert the trap [33] before stage I to reduce the inter-
actions. Although the additional stage introduces additional
differences in velocity and position, these differences can be
evaluated or measured, and our protocol can effectively elimi-
nate them. This is possible because the constraints outlined in
Eq. (12) remain constant.

This work is based on the example of %Rb and ®Rb
gases, but the method can easily be extended to 3’Rb - *°K [3],
88Sr-87Sr [9], and 3Rb-'70YD [44] systems, which are not
restricted to specific species, and the difference in the center-
of-mass positions can be adjusted with accuracy below 1 um
in one shot under the present experimental conditions. This
is beneficial to a high-precision WEP test of microparticles at
the Zhaoshan long-baseline Atom Interferometer Gravitation
Antenna (ZAIGA) [60].
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