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Abstract

We propose a very long baseline atom interferometer test of Einstein’s equivalence principle (EEP)
with ytterbium and rubidium extending over 10 m of free fall. In view of existing parametrizations of
EEP violations, this choice of test masses significantly broadens the scope of atom interferometric EEP
tests with respect to other performed or proposed tests by comparing two elements with high atomic
numbfers. In the first step, our experimental scheme will allow us to reach an accuracy in the E6tvos
ratio of 7 - 10~ ">, This achievement will constrain violation scenarios beyond our present knowledge
and will represent an important milestone for exploring a variety of schemes for further improvements
of the tests as outlined in the paper. We will discuss the technical realisation in the new infrastructure
of the Hanover Institute of Technology (HITec) and give a short overview of the requirements needed
to reach this accuracy. The experiment will demonstrate a variety of techniques, which will be
employed in future tests of EEP, high-accuracy gravimetry and gravity gradiometry. It includes
operation of a force-sensitive atom interferometer with an alkaline earth-like element in free fall, beam
splitting over macroscopic distances and novel source concepts.

1. Introduction

Einstein’s equivalence principle (EEP) is at the core of our understanding of gravitation and is among the most
important postulates of modern physics. It is under constant scrutiny since a violation of any of its pillars would
lead to new physics beyond general relativity (GR) and would mark an important milestone in the search for a
theory of everything (TOE). The EEP is composed of three separate postulates: the Universality of Free Fall
(UFF), Local Lorentz Invariance (LLI) and Local Position Invariance (LPI). Free fall experiments, like the one
described in this paper, test the UFF by comparing the accelerations of two bodies of different internal structure
and mass in a gravitational field. This inertial and gravitational mass equality is also known as the weak
equivalence principle (WEP). To quantify a possible violation of the UFF, it is common to normalise the
acceleration difference between two test masses to the average local gravitational acceleration. This
parametrization leads to the E6tvos ratio defined by

with g, , being the gravitational acceleration of test masses A and B, respectively. The most straightforward way
todo such atest is to directly measure the acceleration of two bodies in the same gravitational field. This class of
tests is called Galilean, and the most accurate to date was performed by comparing uranium and copper at alevel
of 10™'* [1]. The most accurate tests of the UFF were performed by the lunar laser ranging (LLR) project,
measuring the free fall of the moon and the earth in the gravitational field of the solar system. Since the UFF is a
statement about the acting forces, not only are Galilean type free fall experiments performed to test it, but also
force balance experiments with torsion balances. Torsion balances and LLR constrain possible violations of UFF
to less than 10" in E6tvos ratio [2, 3]. No violation was found so far. Future experiments with classical bodies
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are striving towards spaceborne platforms to reduce the influence of the external error source and allow
measurements far beyond the current state of the art [4, 5]. The use of atom interferometry broadens the field of
test masses and allows an operation in the quantum regime. As such, it is a complementary method to
experiments with macroscopic bodies and will test aspects formerly inaccessible, such as violations linked to the
coherence length of the test mass [6], the possibility to employ cold atoms as accelerometers and clocks, and the
possibility of spin-polarisation [7]. A first measurement was performed by a device measuring gravity with a
fountain of cold caesium atoms and comparing their fall rates to a commercial falling corner cube gravimeter ata
level of 7 - 107 [8]. More recent experiments demonstrate tests of the UFF by using atom interferometry with
two different quantum objects within the same device, but do not yet reach the same precision. They are in part
relying on two isotopes of the same species [7, 9, 10] but also on isotopes of two different elements [11]. In
particular, tests with two isotopes want to benefit from similarities for large noise suppression factors
intrinsically arising from the measurement’s arrangement. New experiments of both types are proposed to
exceed the limits of current sensitivities, either on ground [12, 13] or in micro-gravity environments [14, 15],
including the STE-QUEST space mission[16]. To employ this variety of test candidates in a precision
experiment, a crucial point is the ability to trap both of the species, not only simultaneously, but also in the same
trap to have a well-defined overlap of their initial positions and velocities. In this respect we propose quantum
degenerate mixtures of rubidium and ytterbium for testing the UFF in a large-scale device on the ground.

In this paper we discuss the unique features of these mixtures that make them an ideal choice as test masses
by calculating their violation parameters and comparing them to the ones used in other experiments and recent
proposals. Focusing on the miscibility of different isotopes of these two elements, we will give a description of the
source setup we are aiming for. Besides this description, we present possible scenarios for performing a UFF test
with Bragg-type beam splitters. Along this we analyze noise contributions to the measured signal and estimate
the performance of a test of the UFF tobe 7 - 10713 in the Etvos ratio.

2. Choice of test pairs

As already mentioned, the common way of quantifying an experiment testing the UFF is the E6tvs ratio, which
scales a measured differential acceleration to the strength of the local gravitational field, comparing any
abnormal composition-based forces to the composition-independent force. While this is a reasonable way to
quantify the result of the performed measurement, it does not take into account the specific kind of composition
dependence in question. By just using the E6tvos parameter as a tool for comparing two tests, an experiment
with two spin-polarized samples of the same isotope would not be treated differently than a comparison between
hydrogen and anti-hydrogen, as proposed in [ 17], while being fundamentally different. Taking the specific
composition difference into account is part of the interpretation of the data and is strongly dependent on the
model used to assess a possible violation theory. The use of extended wave functions for testing UFF opens the
path to formerly unexplored theoretical models, which are probing the quantum nature of matter and its
interaction with space time [6]. While this is a vast field of study, we will focus on models that allow us a
comparison to classical experiments. Specifically we asses the dilaton scenario [18] and a scenario-independent
scaling approach based on the standard model extension (SME) [19]. Atom interferometry can provide several
new aspects that are different with respect to classical test masses, as the test masses are of high isotopic purity,
and the choices of test masses can be extended beyond nonmagnetic, conducting solids, which are typically used
in torsion balances.

According to the dilation model [18], a violation may be caused by forces acting differently on neutron and
proton numbers. With the introduced effective charges Q 1,\{13 and Q 1;2’]3 calculated from the composition of a test
particle, a measurement of the E6tvos ratio set bounds to the parameters D, and D, according to the formula

Map = Dl(AQ},\l,B) + D2<AQ1/%2,B)- (1
A similar kind of parametrization can be given for the standard model extension [19]
’7A,B = Af—n + Af+n + A]?—n + Af-{—n (2)

with the defined violation parameters for matter and anti-matter linked to neutron excess and total baryon
number
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Table 1. Comparison of choices for test masses A and B employed in existing and planned tests of the UFF para-
metrized for violation scenarios with respect to their effective charges Q 5, Q zand fﬂle\+}f+n, T ctpm, Iy epei,
5 Ay 5

f pEpH calculated according to [ 18] and [19]. Nuclide data is used from [21], and for Tia natural occurrence of

isotopes is assumed [22].

A B Reference AQu AQus A A AL, Ao
-10* -10* -10? -10* -10° -10*
“Be Ti [3] —15.46 -71.20 1.48 —4.16 -0.24 -16.24
Cu B8y [1] -19.09 -28.62 —7.08 -8.31 —89.89 -2.38
°Li Li [23] 0.79 -10.07 -7.26 7.79 —72.05 5.82
5Rb 5Rb [9,24,25] 0.84 -0.79 -1.01 1.81 1.04 1.67
878y 88y (7] 0.42 -0.39 -0.49 2.04 10.81 1.85
MK 87Rb [11] —-6.69 -23.69 —6.31 1.90 —-62.30 0.64
5Rb 7%b [This work] -12.87 -13.92 -1.36 -8.64 86.00 -5.46

Af—n — ﬂ;x+p—nﬂe+P_n _ f/j}f*l’*"ﬂe-ﬂy_n
Af+n — fﬁ§+p+nﬁe+p+" _ f/:’l§+”+"ﬂe+p+n
Af—n = fﬁiﬂi—ﬁﬁéﬂf’_ﬁ - .f/}[iﬂﬁ—ﬁﬂé-"p_ﬁ

Af+n = fﬁ‘i+p+hﬁé+ﬁ+ﬁ - f/}Bz+ﬁ+n'ﬂé+p+ﬁ. (3)

In both models larger absolute differences in the sensitivity factors of the employed test mass pair give rise to a
larger signal in case of a violation of the UFF. Vice versa, an experimental determination of the E6tvos ratio for
such a test mass choice better constrains the existence of violations than tests performed with lower sensitivity
factors for the same accuracy. Moreover, different test mass pairs probe different linear combinations of
suspected violations linked to the neutron excess and the total baryon number of the test masses. In order to
unambiguously determine the origin of a violation, a minimum of two test mass pairs needs to be employed.
Interestingly, as shown in [20], even a test performed at a lower accuracy as compared to state-of-the-art tests
can further constrain possible violations when the used test masses are significantly different from the previously
utilized ones. The sensitivity factors for different choices of test pairs are presented in table 1. For example, in
comparison to Be-Ti, the combination of ytterbium and rubidium isotopes is a factor of 2 more sensitive to
baryon number related violations and even three orders of magnitude more sensitive in the parameter Af .

3. Atom interferometry in a 10-m atomic fountain

The inertial sensitive interferometry with cold rubidium clouds is well covered by state-of-the-art experiments
for measuring gravity [26, 27], gravity gradients [28] and rotations [29], as well as for measuring fundamental
constants [30]. Similarly, laser-cooled ytterbium is successfully utilized in optical clocks, especially optical lattice
clocks [31]. A key prerequisite to performing interferometry over long baselines is the preparation of a very
narrow velocity distribution even beyond the ones of typical Bose—Einstein condensates, which was already
demonstrated for both species [32—35]. This can be reached by delta-kick cooling (DKC) [36, 37]. The facility we
want to employ for a test of the UFF is the VLBAI-Teststand located at the new Hanover Institute for Technology
(HITec) [38]. This device will provide two experimental chambers for the preparation of atomic ensembles with
two independent source chambers for a maximum flexibility in the choice of atomic species. A 10-m ultra-high
vacuum tube with a magnetically shielded region of approximately 9 m forms the baseline for an extended free
fall. Since operation of the equivalence principle test only occurs in the magnetically shielded region, we
anticipate a free fall time of 1 sand up to 2.6 s if the atoms are launched. Assuming a measurement with 1 - 10°
ytterbium atomsand 2 - 10° rubidium atoms produced in 10 s, this leads to a shot noise limited performance of
1.6 - 1071 Hz"2and 6.5 - 1072 Hz~"2 in the Eotvos ratio, respectively. The second value relies on higher-
order beam splitters, as explained in section 5.

4. Concept for a dual-species source of rubidium and ytterbium

Mixtures of rubidium and ytterbium have been studied before in various experiments [39, 40] but were not yet
used for precision interferometry. The construction of a dual, species source capable of supporting an EEP test
experiment faces a variety of challenges, which are studied in the first phase of the experiment described in this
work. A source has to fulfill the following characteristics:

3
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Table 2. Stable isotopes of ytterbium and their relative natural abundance [45] in %, character of spin-statistic,
intraspecies scattering length [46], interspecies scattering length with Rb in a, [47], and isotope shift relative to
'74Yb of the relevant cooling transitions in MHz.

Isotope Abund. Spin st. ayp/vh aAyb/Rb ] 15,->P, 15,-1P,
168yh 0.13 boson 252 +3 392+ 1.6 3655 1887.4
17%vb 3.05 boson 64+2 -11.5+2.5 2287 1192.4
7yb 14.3 fermion -2.8+3.6 58.9 + 4.4 (1/2-1/2) -2132 1153.7
(1/2-3/2) 3805 832.4
72yh 21.9 boson —599 + 64 -161 + 11 1000 1887.4
73Yh 16.1 fermion 199 +2 626 + 88 (5/2-5/2) 2312 -253.4
(5/2-7/2) —2386 588
(5/2-3/2) 3806 516
174D 31.8 boson 105 +2 880 + 120 0 0
176yb 12.7 boson 24+ 4 216.8 + 4.7 -955 -509.3

e The clouds have to be able to be cooled down to quantum degeneracy to fully exploit the long time of free fall
achievable in the used infrastructure. Although this is relaxed by employing so-called DKC, the efficiency of
this process is strongly dependent on the initial temperature.

e Theinitial collocation has to be very well known and controlled. To a certain degree, this excludes isotope
combinations, which are immiscible as discussed in section 4.4.

o The initial velocity distribution of the two species has to be matched to a high degree to allow for differential
suppression of systematic effects, such as wave front curvature or residual rotations.

e Toachieve the target performance, 1 - 10° ytterbium atoms and 2 - 10° rubidium atoms have to be brought
to degeneracy in less than 10 s. If this performance is not reached, it will increase the time needed for
integration, but is not prohibitive to the overall experiment.

4.1.MOT Operation

Rubidium has two stable isotopes with mass numbers 87 and 85 both are bosonic and can be brought to
degeneracy with common methods [32, 33]. Since both are also naturally abundant and can be cooled similarly
well by standard laser cooling techniques, the specific decision for a rubidium species will be taken based on the
miscibility with the ytterbium isotopes. The widely spread method for the preparation of rubidium ensembles is
laser cooling on the 528, ,-5%P, , transition with a subsequent optical molasses step for achieving sub-Doppler
temperatures down to approximately 2 K. With a combination of a multilayer atom chip allowing for an
efficient transfer of laser-cooled atoms to a magnetic trap and a 2D*-MOT (magneto-optical trap), quantum-
degenerated ensembles with 4 - 10° rubidium atoms were produced in 1.6 s [41] .

With five bosonic and two fermionic stable isotopes that have all been brought to quantum degeneracy
before [34, 35], ytterbium offers a variety of choices for test masses, as seen in table 2. The bosonic isotopes have
no hyperfine splitting and therefore a very low magnetic sensitivity compared to rubidium, for example [42].
While this is beneficial to counteract systematic effects, the missing possibility to drive Raman transitions
between the hyperfine states limits the implementation scenarios. Ytterbium, an alkaline earth-like element,
offers the possibility to perform narrow-line cooling on the inter combination transition 'Sy->P; with a Doppler
temperature of Tp = 4.4 uK. Due to alow vapor pressure, one has to face the challenge of precooling the hot
source for efficient MOT operation. The common method is the use of a Zeeman slower with a transversal
cooling stage at the singlet transition 'So-'P; [43]. Another comparably new option is the use of 2D-MOT at the
same transition [44]. Experimentally loading rates of 6 - 107 '7*Yb atoms per second have been achieved by both
methods. The 2D-MOT seems preferable over the Zeeman slower setup in terms of vacuum quality in the main
chamber due to the use of differential pumping stages and offers higher scalability with available laser power at
398.9 nm.

4.2. Trapping and evaporation

Since we aim for a combined trap of both species, magnetic traps are not an option for the magnetically yet not
trappable ytterbium. As a result, a far detuned optical dipole trap in the mid-infrared will be used as a common
trap. Figure 2 shows the scalar polarisability at a certain wavelength with respect to the inter combination MOT
for ytterbium. The differential polarisability shows mainly two remarkable results: Ytterbium is not trapped at
1 4 m and there is a zero-crossing close to 1.5 um that would potentially allow for an AC-Stark (alternating
current/dynamical Stark) shift compensated dipole trap. A more conservative and less demanding solution

4
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Figure 1. Mode of operation in Mach-Zehnder configuration and sketch of the experimental setup. Shown in 3 is an operation in drop
configuration.

would be the use of a dipole trap beyond the zero crossing, for example, at 1960 nm. To compensate for AC-
Stark shift dispersion over the cloud, which would be large due to the narrow linewidth of the transition, a low-
intensity blue detuned compensation beam can be used [48] with a detuning of Acomp. = 27 - 1 GHzand a
power of Iomp. = 8.84 mW. The Bose-Einstein condensation in a single beam dipole trap at this wavelength for
87Rb was already shown in a weak hybrid trap configuration in [49]. Therefore, a 1960-nm trap appears to be an
ideal solution, and lasers with output powers up to 100 W are available.

4.3. Dual-species loading sequence

The cycle time of the experiment will be limited by smaller loading rates of the ytterbium, even with the use ofa
2D"-MOT and the expected increase in flux, due to the use of a higher laser power. In addition, the 'S,-'P,
transition cannot be driven together with the rubidium cooling transition 52S;,-5%P,/,, since the ionization
energy of the upper state of rubidium is 2.59 eV, which corresponds to 478.7 nm. Therefore the dual-species
sequence will first completely undergo the loading steps for cooling and trapping ytterbium into the dipole trap
before we start the fast loading of the rubidium MOT. To avoid losses due to collisions at this stage of the
experiment, it is possible to shift the center of the rubidium MOT against the dipole trap via adjusting the
magnetic field gradient before both isotopes are co-located inside the dipole trap.

4.4. Species miscibility and dynamic evolution

This ability to cool nonmagnetic ytterbium isotopes to quantum degeneracy inside the 2-um dipole trap via
evaporation without additional effort is a key motivation for our choice. Fermionic isotopes are not considered
in this study since degenerate Fermi gases are large and expand with higher rates than Bose—Einstein condensates
(BEC:s), which is an important parameter for long baseline interferometry. They might nevertheless be
interesting for future tests, and the device is designed to keep this option open. As table 2 shows, we are left with
five bosonic isotopes where two of them, '7>Yb and '7°Yb, have negative intraspecies scattering length. They
would require a more complex experimental design, including the manipulation of an optical Feshbach
resonance to reach degeneracy. '’*Yb is the most abundant isotope , which was already condensed [35].

5
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Figure 2. Scalar polarisability and effective AC-Stark shift. The upper curves 4.2 and 4.2 show the laser wavelength—dependent scalar
polarisability of the states in the transition used for the intercombination line cooling. The lower curves show in 4.2 the differential
polarisability and in 4.2 the resulting differential AC Stark shift imposed on the intercombination line by a 1960-nm optical dipole
trap with 100 W, a 50-pm waist and using an additional 8.84-mW dressing beam with 1 GHzblue detuned to the transition.

Nevertheless, due to the repulsive collisions to *’Rb (interspecies scattering lengths of (880 + 120)a,), a binary
mixture will not be stable due to three-body losses. For all the reasons stated earlier, we focus our investigations
on "**Yb, '7°Yb and possible mixtures with *Rb. Unfortunately, '**Yb and '°Yb are the least abundant isotopes,
making loading rates significantly low, which constrains the cycling rate in the order of tens of seconds unless
they are enriched. The '°®*Yb -%’Rb mixture features an interspecies positive scattering length of 39.2 + 1.6 a,,
meaning that this Yb isotope can be sympathetically cooled by *Rb atoms. As shown in our systematic study in
section 5, the separation between the two components of a binary mixture has a dramatic effect on the
performance of the UFF test. Therefore, quantum miscibility cannot be neglected in this density regime. Indeed,
if the interspecies repulsion exceeds the miscibility threshold [50], the two atomic clouds spatially separate to
minimize the interaction energy. This immiscible state is a hindrance for optimising the overlap of the centre of
mass of the two wave packets fed into the interferometer for comparison. This makes it necessary to carefully
check for the proposed isotopes if they can be prepared in overlapping pairs of spherical symmetry. We therefore
solve a system of 3D-coupled Gross—Pitaevskii equations describing the ground state of the mixture [51]. The
results of these simulations are shown in figure 3.

The calculations confirm the miscibility of *Rb with the two Yb isotopes considered, making it a suitable
candidate for a UFF test. In contrast, the combination of '*®Yb with '7°Yb builds up a symmetric shell structure.
These binary states numerically found are susceptible to and deformable by external fields (magnetic forces,
gravitational sag, etc.) present in the science chamber. Therefore, this mixture is not considered for dynamics
and systematics.

In order to reduce systematic errors of the atom interferometric comparison and allow for an extended
interrogation time, it is crucial to reduce the size of the atomic samples. In the proposed facility, a few seconds of
free fall or launch time are used to reach the target accuracy of the UFF test. It is clear that thermal ensembles
would reach very large sizes at these time scales. This motivates the use of degenerate matter waves characterized
by a slow expansion. The state of the art in slowing down the expansion of BECs improved dramatically with the
use of DKC techniques [12, 36]. In recent experiments with a comparable baseline [37], it was experimentally
demonstrated that the expansion energy of a degenerate *’Rb ensemble could be restricted to only few tens of pK
in 2D. We anticipated such records when proposing space missions with more than 10 s of free evolution time
[16] of a mixture of *Rb / %°Rb condensates.




IOP Publishing New]. Phys. 17 (2015) 035011

J Hartwig et al

(@) (arb. units)
[¥(r) 2 (arb. units)

| L Il L 1 n L

-15 -10 | -5 0 5 10 15 -15
r(um)
(a) 168Yb_87Rb

-10

-5 0 5 10 15
r (um)

(b) 170Yb_87Rb

Figure 3. Density plots of the ground states of the '°Yb/"**Yb and *Rb mixtures. For each pair mixture, the wave functions are
computed solving the Gross—Pitaevkii equation in 3D, including the intraspecies interactions of the two isotopes and the interspecies
one with *Rb. The magnitudes of these interactions are the same shown in table 2. We assume that each mixture is confined by the
same external trap with frequencies solely differing due to the mass difference. The trapping frequencies are 2z - 88 Hz for Rb and

27 - 67 Hz for Yb. In both cases, a symmetric mixture ground state is found illustrating the miscibility of the two pairs without further
tuning of external optical or magnetic parameters (Feshbach, for example).

The DKC manipulation [52] consists of collimating matter waves by suddenly reducing the frequency of the
initial trap holding the atoms and cutting it when all atoms reach the turning points of the trap walls (at t,/4,
where t,, is the trap period). The same result is expected by re-pulsing the initial trap after switching it off for
some free expansion time. A substantial part of the atoms’ kinetic energy is absorbed by this process, leading to a
slowed expansion. The analogy with light beams collimation often led this manipulation to be labeled as an
atomic lens. We anticipate the use of a double lens to match the expansion rates of ’Rb and '”°Yb. This match is

mandatory to mitigate errors related to residual wave front curvatures and relaxes the requirements on the initial
collimation and retro reflection mirror planarity.

4.5. Interferometer sequence

As described earlier, performing a UFF test is equivalent to a simultaneous measurement of the gravitational
acceleration g, ; acting on the two test masses. To perform this measurement with atoms, a sequence of light
pulses has to be applied to interrogate them with respect to a common reference mirror, which acts as a phase
front reference. The most prominent configuration for inertial sensitive atom interferometry is the Mach-
Zehnder-type n/2 — & — 7/2 sequence with a time T of free evolution in between each of the pulses as shown in
figure 1(a). Two different modes of operation can be distinguished: (i) dropping atoms from a source on the top
of the device as depicted in figure 1(b) and (ii) launching atoms onto a parabolic trajectory from a source at the
bottom of the device. While the first mode is characterized by a good control over the initial conditions at free
evolution times of 2T = 1 — 1.3 satabaseline of roughly 9 m, the second one offers the perspective to increase
the overall length of the interferometer up to 2T = 2.6 s. Launching over approximately 10 m was already
demonstrated for rubidium in an accelerated optical lattice by coherently transferring a large number of photons
atadecent efficiency [12] and appears also realizable for ytterbium with similar parameters. Nevertheless, this
fountain mode requires a well-controlled launching velocity of both test masses.

4.6. Beam splitting and match of scaling factor

A major limitation for inertial measurements with atom interferometers is seismic noise, which scales similarly
to the acceleration signal with 7% and thus limits the maximum time of interferometry where the signal-to-noise
ratio is still improving. When using a common mirror for a differential measurement, as planned for this
experiment, the seismic noise for both interferometers is common and thus suppressed in the difference signal
(53, 54]. To fully benefit from the nonmagnetic properties of the ytterbium 'S, state and allow for higher-order
beam splitting, we plan to use Bragg-type beam splitters, coupling momentum states of the respective ground
states. The used off-resonant transitions are the 'Sy-'P; transition for ytterbium at 399 nm and the 525, ,,-5%B,/,
transition for rubidium at 780 nm. The suppression factor depends on the match of the scaling factor kT2, with
the effective wave vectors k, and of the sensitivity function, which is itself dependent on the timing of the
interferometer pulse sequence. The basic approach is to match the scaling factors by tuning the interferometry
time T for each species individually [53]. This will lead to a small difference in the frequency response of the two
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interferometers and will not properly suppress contributions scaling differently with T, but allows for a simple
data analysis scheme.

In the case of mismatched effective wave vectors and same pulse timing, the phase frequency response is
similar between the two species but rescaled according to the appropriate wave vector. As long as the resulting
phase noise is smaller than 1 rad, the phase information can still be fully recovered by weighting the results with
the wave vector ratio. An analysis of this case can be found in [54]. Even in the case of noise above 7, most of the
information can be recovered at the cost of signal-to-noise ratio. In the case of higher common noise
contributions, the resulting 2z ambiguity can be fully resolved by operating an additional classical sensor [15].
Another option is to adapt the model used for data interpretation and recover at least some level of suppression
by fitting an appropriate probability distribution.

5. Requirements and error budget

This section summarizes the requirements for experimental and environmental parameters to restrict statistical
and systematic errors. These requirements are partly relaxed compared to single-species gravimetry
measurements [56, 57] because the simultaneous operation of the dual-atom interferometer and certain
parameter choices allow us to engineer suppression ratios for inertial phase shifts and inhomogeneities in the
beam-splitting wave fronts. A detailed derivation and discussion of error terms for a UFF test with *’Rb / *’Rb in
the 10-m tower in Stanford was reported in [58], and the error budget for a satellite-based test can be found in
[16, 59]. This paper utilizes the same approaches for error assessment and thus focuses on the results.

We consider three different scenarios. In the near future, atoms will be dropped from the top chamber, and
the scaling factors kg, Ty, = kyp, Ty, will be matched. In this case of matched scaling factors, correlation between
the two atom interferometers will then allow us to extract the differential phase corresponding to the differential
acceleration via ellipse fitting [53, 60]. The next intermediate step is to use the same free evolution time
Ty = Ty, which mitigates bias terms ~kT?, ~kT* but requires a more complex read-out scheme. Since the scale
factors differ now, the correlated signal will not form an ellipse. Restricting phase excursion to below 2z still
allows the extraction of the differential phase via fitting the Lissajous figure [54]. However, the expected
vibration noise level is above 2z. As mentioned earlier, this ambiguity may be lifted via correlation with a
classical sensor mounted in close proximity to the retro reflection mirror, as demonstrated for an atom
interferometer on a plane [ 15] or by adapting the phase extraction algorithms. Finally, the advanced scenario
considers launched atoms from the bottom chamber and increased momentum transfers by the beam splitters.
Alattice launching technique inside a 10-m fountain [12] and high momentum transfer beam splitters [61, 62]
that meet the requirements of this paper were already successfully implemented by other experiments.
Requirements for systematics are summed up in table 3 and the resulting uncertainties in table 4. Statistical
fluctuations in these parameters are allowed up to the levels reported in table 5, which implies the errors in
table 6.

To engineer a high common mode rejection ratio, the center of mass positions, center of mass velocities, size
and expansion ratios of the two atomic species have to be matched. Coupled to gravity gradients and rotations,
position and velocity differences in the center of mass positions cause spurious phase shifts in the differential
signal. Using trapping frequencies of 2z - 500 Hz implies a gravitational sag of 1 #m, which will need to be
characterized to 1% in the advanced scenario. Due to the lattice launch, we expect a differential velocity of
31 um's ~'. The corresponding biases will be subtracted from the signal, which imposes the requirement of
knowing the gravity gradient to 0.1%. This will be measured with the apparatus itself in a gradiometer operation
mode. Existing gradiometer experiments reached a noise floor of down to 3 - 1078 s> Hz "2 [28, 63].
Furthermore, a counter-rotation of the retro reflection mirror will reduce the bias due to the earth’s rotation
[12]. Additional errors occur if the atoms map different parts of the beam-splitter wave fronts to which
imperfect collimation or the finite quality of the retro reflection mirror causes inhomogeneities. Commercially
available mirrors are rated up to 4/20 (peak to valley) [64], which puts requirements onto the maximum
allowable expansion rates. Demonstrated perfomances of lensing *Rb atoms to 1 nK in 3D [36], and to 50 pK in
2D [37] are sufficient for the experiment.

Additional sources for errors are magnetic fields inducing a second-order Zeeman shift in the *’Rb
interferometer and the scattering properties of the individual ensembles and the mixture. Suppression of
magnetic stray fields with residual rms deviations of ~0.8 mG inside a three-layer 8.8 m y-metal shield were
demonstrated [65]. Therefore, additional calibration might be necessary to characterize the magnetic fields to
the required level.
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Table 3. Requirements to reach the stated uncertainty in 7 in different configurations. 1) Assuming T, = —2.91 - 1076572,
[Tl = 1Ty = | T2 |/2, and T,,, = 6, T;,. 2) Assuming a counter-rotation £2, with quality (2, — .Qy)/Qy, Q, =575 prads_.3) Waist
after collimation lens wy, ideal distance lens fiber 40 cm, assumed distance 40 cm-df.

Error source Initial Intermediate Advanced

Free evolution time 500 ms, 505.7 ms 500 ms, 500 ms 1300 ms, 1300 ms

Effective wave vectors 2 -47/(780 nm), 47/(399 nm) 8 -47/(780 nm), 4 -47/(399 nm)
krps kyp

- Relative uncertainties

+10"% in individual k,
+10™ " in the ratio (ky, — kgp )/ (kyb + kgp)

Rabi frequency match 1%

Common velocity v, -3 m/s ( = 30 um/s) 12.75 m/s ( + 0.1275 pum/s)

Differential position luym lym=+0.1pm 1 4 m*10 nm

Differential velocity lums™ 0.1ums 31 ym*+10 nms™'

Grav. gradients - T}, ! 3.10°° (£1.5 - 10719572 310°° (3 - 107)s? 310°° (21 - 10752

Grav. grad. - T, <5-107° (#33-100")m's2 <5 1070 (£33 - 107 )m™! <5 - 1070 (£107")m ™" 572

s2

Acceleration compensation 107 ms™2 510 ¥ m s~ 10%ms2
via frequency scan to

Counter-rotation quality 2 2%

Rotation 2, 1 prad/s

Rotation £, 44.4 prad/s

Inside shield

- Magnetic offset field B, 25 mG 25 mG 25 mG

- Magnetic field gradient 6B 50 uG/m 15 uG/m 1.5 uG/m

Inside source chamber

after release By, 6B <1G, <0.1G/m

Collimation df, w, ¥ 100 ym, 2.3 cm 100 ym, 3 cm

Mirror quality /20

Initial sample radius 300 ym

Effective temperature 25.6 nK (+1%), 50 nK (+1%) 2.5 nK(+1%),5 nK (£1%) 256 pK(£1%), 500 pK (+1%)
Atom numbers 2:10° ( + 1%),10° ( + 1%)

Scattering lengths (100.4%0.1)ag[55], (64%2)ag, (11.5+2.5)a,

Beam-splitting accuracy

0.01 0.001 0.001

Table 4. Contributions of the different error sources to the uncertainty in
in different configurations. 1) Requires back correction via knowledge of g,
T.p Tozrand Q,

Error source Initial Intermediate Advanced
u, in107" 107" 107"
Gravity gradient + posi- 0.3 0.3 0.3
tion overlap
Gravity gradient + velo- 0.15 0.15 0.4
city overlap
Gravity gradient + g, v 0.15 0.15 0.15
Coriolis x 0.23 0.23 0.23
Coriolis y 0.2 0.2 0.2
Other terms ! 1 1 1
Magnetic fields 0.3 1 1
Wave fronts 5.1 5.2 5.7
Mean field 1.3 3.6 3.9
Sum 5.7 6.7 7.4
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Table 5. Requirements on noise sources for the dual-species atom inter-
ferometers in different configurations. All contributions are expected to
be uncorrelated. The requirements were set to reach the shot noise limit,
where appropriate values are given as a requirement for a single measure-
ment cycle. (1) Assuming correlation with an additional classical seism-
ometer or advanced data fitting eliminating the 2z ambiguity.

Noise source Near / intermediate Advanced

Shot noise Seetab. 3 for N, k, and T.

Beam splitter 1 kHz Lorentzian linewidth

Linear vibrations 107%m s2Hz~1/? 10~°m s™2Hz~ /2 (1)

Starting velocity 6,<03mms”’ 6,<38ums"

Overlap o < 10 um, o < 2 pm,
64V<10}1m5_1 UAV<1/4ms_1

Magnetic fields o5 < 0.5 mG/m o5 < 45 4 G/m

Wave fronts o4 = 064, = 100 um, jitter telescope & mirror

position I mm
in z-direction (g)

Mean field 5% jitter in beam
splitting ratio, 20%

1% jitter in beam
splitting ratio, 20%
in atom numbers in atom numbers
Cycle times 11s 12.6s

Table 6. Resulting noise contributions following table 5. All
contributions are expected to be uncorrelated. The require-
ments were set to reach the shot noise limit. All values are given
as the noise of a single measurement.

Noise source Near / intermediate Advanced
in10"ms2 in
10" ms?
Shot noise 4.8 1.8
Beam splitter 2.8 1
Linear vibrations 2.8 1.8
Overlap 1 1.4
Starting velocity 0.1 0.03
Magnetic fields 0.3 0.3
Wave fronts 0.12/<0.01 <0.01
Mean field 0.6 0.4
Sum 6.3 3.1
-after24 h -7.1:1072 -3.8:1072

6. Conclusion and outlook

J Hartwig et al

We presented a novel experimental scheme to test the EEP with two different atomic species, namely ytterbium
and rubidium, which is in the progress of being set up in Hanover in the new infrastructure of the HITec. Using
this particular test pair for precision inertial sensing with atom interferometry imposes some challenges, which
are discussed in this paper together with appropriate specific solutions. Based on the knowledge of this kind of
measurement, we provide an assessment of the expected performances of the experiment and of the major

systematic effects. They should allow us to test the Eotvos parameter at alevel of 7 - 10712 in the next few years.
The work described in this paper is the first step in a complete investigation of inertial sensing with an alkaline
earth-like element like ytterbium. In the framework of the collaborative research centre geo-Q we will
investigate possible applications of this technology for geodesy and further ways to improve ground-based EEP
tests beyond the level of tests with devices employing classical test masses. We expect this work to have a major
influence on the field of fundamental sciences by giving new limits to possible violation scenarios. Moreover, the

possibility to investigate interferometric techniques on long time scales with a high repetition rate will benefit
atom interferometry experiments in micro-gravity environment or space platforms.

10



10P Publishing

NewJ. Phys. 17 (2015) 035011 J Hartwig et al

Acknowledgments

This work is supported by the DFG in the scope of the SFB geo-Q and will facilitate the major research
instrumentation VLBAI-Teststand applied for at the DFG. The authors would like to also acknowledge the
support of the German Space Agency (DLR) with funds provided by the Federal Ministry of Economic Affairs
and Energy (BMWi) due to an enactment of the German Bundestag under Grant No. DLR 50WM1131-1137
(project QUANTUS-III). We would like to thank M Kasevich, ] Hogan and A Wanner for their help during the
planning of the VLBAI-Teststand. We thank H Mueller, M Hohensee, W Schleich and A Roura for support
concerning the calculation and interpretation of the violation parameters. We thank C Klempt for fruitful
discussions and L Richardson, P Berg and E Wodey for proofreading this document.

References

[1] Niebauer T M, McHugh M P and Faller ] E 1987 Phys. Rev. Lett. 59 609
[2] Williams J G, Turyshev S G and Boggs D H 2004 Phys. Rev. Lett. 93261101
[3] Schlamminger S, Choi K'Y, Wagner T A, Gundlach J and Adelberger E G 2008 Phys. Rev. Lett. 100 041101
[4] Nobili A eral 2012 Class. Quantum Grav. 29 184011
[5] Touboul P, Métris G, Lebat V and Robert A 2012 Class. Quantum Grav. 29 184010
[6] Goklii E and Limmerzahl C 2008 Class. Quantum Grav. 25 105012
[7] TaralloM G, Mazzoni T, Poli N, Sutyrin D V, Zhang X and Tino G M 2014 Phys. Rev. Lett. 113 023005
[8] Peters A, Chung K'Y and Chu S 1999 Nature 400 849
[9] FrayS, Diez C A, Hiansch T W and Weitz M 2004 Phys. Rev. Lett. 93 240404
[10] Bonnin A, Zahzam N, Bidel Y and Bresson A 2013 Phys. Rev. A 88 043615
[11] Schlippert D, HartwigJ, Albers H, Richardson LL, Schubert C, Roura A, Schleich W P, Ertmer W and Rasel E M 2014 Phys. Rev. Lett.
112203002
[12] Dickerson SM, Hogan ] M, Sugarbaker A, Johnson D M S and Kasevich M A 2013 Phys. Rev. Lett. 111 083001
[13] Dimopoulos S, Graham P W, Hogan ] M and Kasevich M A 2007 Phys. Rev. Lett. 98 111102
[14] Rudolph]etal2011 Micrograv. Sci. Technol 23 287
[15] Geiger Retal2011 Nat. Comm. 2474
[16] Aguilera DN et al2014 Class. Quantum Grav. 31 115010
[17] Hamilton P, Zhmoginov A, Robicheaux F, Fajans J, Wurtele ] S and Miiller H 2014 Phys. Rev. Lett. 112121102
[18] Damour T 2012 Class. Quantum Grav 29 184001
[19] Hohensee M A, Miiller H and Wiringa R B 2013 Phys. Rev. Lett. 111 151102
[20] Tino GM and Kasevich M A (ed) 2013 Quantum mechanics, matter waves, and moving clocks (Atom Interferometry vol 188) Proc. of the
Inter. School of Physics Enrico Fermi
[21] AudiG, Wapstra A and Thibault C 2003 Nucl. Phys. A 729 337
[22] deLaeter]J R, Bohlke J K, de Bievre P, Hidaka H, Peiser H S, Rosman K J R and Taylor P D P 2003 Pure Appl. Chem. 75 683
[23] Hohensee M A and Miiller H 2011 J Mod. Opt. 58 2021
[24] Fray Sand Weitz M 2009 Space Sci. Rev. 148 225
[25] Bonnin A, Zahzam N, Bidel Y and Bresson A 2013 Phys. Rev. A 88 043615
[26] Hauth M, Freier C, Schkolnik V, Senger A, Schmidt M and Peters A 2013 Appl. Phys. B 113 49
[27] Gillot P, Francis O, Landragin A, dos Santos F P and Merlet S 2014 Metrologia 51 L15
[28] Rosi G, Sorrentino F, Cacciapuoti L, Prevedelli M and Tino G 2014 Nature 510 518
[29] Tackmann G, BergP, Schubert C, Abend S, Gilowski M, Ertmer W and Rasel EM 2012 New J. Phys. 14 015002
[30] BouchendiraR, Cladé P, Guellati-Khélifa S, Nez F and Biraben F 2011 Phys. Rev. Lett. 106 080801
[31] HinkleyN, Sherman J A, Phillips N B, Schioppo M, Lemke N D, Beloy K, Pizzocaro M, Oates C W and Ludlow A D 2013 Science
3411215
[32] Anderson M H, Ensher J R, Matthews M R, Wieman C E and Cornell E A 1995 Science 269 198
[33] Cornish SL, Claussen N R, Roberts J L, Cornell E A and Wieman C E 2000 Phys. Rev. Lett. 85 1795
[34] TakasuY, MakiK, KomoriK, Takano T, Honda K, Kumakura M, Yabuzaki T and Takahashi Y 2003 Phys. Rev. Lett. 91 040404
[35] YamazakiR, TaieS, Sugawa S and TakahashiY 2010 Phys. Rev. Lett. 105 050405
[36] Miintinga H et al 2013 Phys. Rev. Lett. 110 093602
[37] Kovachy T, Hogan ] M, Sugarbaker A, Dickerson S M, Donnelly C A, Overstreet C and Kasevich M A 2014 arXiv:1407.6995
[38] http://hitec.uni-hannover.de/
[39] Miinchow F, Bruni C, Madalinski M and Gérlitz A 2011 Physical Chemistry Chemical Physics 13 18734
[40] Baumer F, Miinchow F, Gorlitz A, Maxwell S E, Julienne P S and Tiesinga E 2011 Phys. Rev. A 83 040702
[41] Rudolph]Jetal2015arXiv:1501.00403
[42] TaichenachevA 'V, Yudin VI, Oates CW, Hoyt CW, Barber ZW and Hollberg L 2006 Phys. Rev. Lett. 96 083001
[43] Miranda M, Nakamoto A, Okuyama Y, Noguchi A, Ueda M and Kozuma M 2012 Phys. Rev. A86 063615
[44] Dérscher S, Thobe A, Hundt B, Kochanke A, le Targat R, Windpassinger P, Becker C and Sengstock K 2013 Rev. Sci. Instrum. 84 043109
[45] Haynes W M 2012 CRC Handbook of Chemistry and Physics (Boca Raton, FL: Taylor & Francis)
[46] Kitagawa M, Enomoto K, Kasa K, Takahashi Y R C, Naidon P and Julienne P $ 2008 Phys. Rev. A77 012719
[47] Borkowski M etal2013 Phys. Rev. A 88 052708
[48] Kaplan A, Andersen M F and Davidson N 2002 Phys. Rev. A 66 045401
[49] Zaiser M, HartwigJ, Schlippert D, Velte U, Winter N, Lebedev V, Ertmer W and Rasel E M 2011 Phys. Rev. A 83 035601
[50] Papp S B, Pino ] M and Wieman C E 2008 Phys. Rev. Lett. 101 040402
[51] HoT Land ShenoyV 1996 Phys. Rev. Lett. 77 3276
[52] ChuS, Bjorkholm A A, Gordon P and Hollberg L 1986 Opt. Lett. 1173
[53] Varoquaux G, Nyman R A, Geiger R, Cheinet P, Landragin A and Bouyer P 2009 New J. Phys. 11 113010
[54] ChenX,Zhong], SongH, Zhu L, WangJ and Zhan M 2014 Phys. Rev. A 90 023609

11


http://dx.doi.org/10.1103/PhysRevLett.59.609
http://dx.doi.org/10.1103/PhysRevLett.93.261101
http://dx.doi.org/10.1103/PhysRevLett.100.041101
http://dx.doi.org/10.1088/0264-9381/29/18/184011
http://dx.doi.org/10.1088/0264-9381/29/18/184010
http://dx.doi.org/10.1088/0264-9381/25/10/105012
http://dx.doi.org/10.1103/PhysRevLett.113.023005
http://dx.doi.org/10.1038/23655
http://dx.doi.org/10.1103/PhysRevLett.93.240404
http://dx.doi.org/10.1103/PhysRevA.88.043615
http://dx.doi.org/10.1103/PhysRevLett.112.203002
http://dx.doi.org/10.1103/PhysRevLett.111.083001
http://dx.doi.org/10.1103/PhysRevLett.98.111102
http://dx.doi.org/10.1007/s12217-010-9247-0
http://dx.doi.org/10.1038/ncomms1479
http://dx.doi.org/10.1088/0264-9381/31/11/115010
http://dx.doi.org/10.1103/PhysRevLett.112.121102
http://dx.doi.org/10.1088/0264-9381/29/18/184001
http://dx.doi.org/10.1103/PhysRevLett.111.151102
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1351/pac200375060683
http://dx.doi.org/10.1080/09500340.2011.606376
http://dx.doi.org/10.1007/s11214-009-9566-x
http://dx.doi.org/10.1103/PhysRevA.88.043615
http://dx.doi.org/10.1007/s00340-013-5413-6
http://dx.doi.org/10.1088/0026-1394/51/5/L15
http://dx.doi.org/10.1038/nature13433
http://dx.doi.org/10.1088/1367-2630/14/1/015002
http://dx.doi.org/10.1103/PhysRevLett.106.080801
http://dx.doi.org/10.1126/science.1240420
http://dx.doi.org/10.1126/science.269.5221.198
http://dx.doi.org/10.1103/PhysRevLett.85.1795
http://dx.doi.org/10.1103/PhysRevLett.91.040404
http://dx.doi.org/10.1103/PhysRevLett.105.050405
http://dx.doi.org/10.1103/PhysRevLett.110.093602
http://arXiv.org/abs/1407.6995
http://dx.doi.org/10.1039/c1cp21219b
http://dx.doi.org/10.1103/PhysRevA.83.040702
http://arXiv.org/abs/1501.00403
http://dx.doi.org/10.1103/PhysRevLett.96.083001
http://dx.doi.org/10.1103/PhysRevA.86.063615
http://dx.doi.org/10.1063/1.4802682
http://dx.doi.org/10.1103/PhysRevA.77.012719
http://dx.doi.org/10.1103/PhysRevA.88.052708
http://dx.doi.org/10.1103/PhysRevA.66.045401
http://dx.doi.org/10.1103/PhysRevA.83.035601
http://dx.doi.org/10.1103/PhysRevLett.101.040402
http://dx.doi.org/10.1103/PhysRevLett.77.3276
http://dx.doi.org/10.1364/OL.11.000073
http://dx.doi.org/10.1088/1367-2630/11/11/113010
http://dx.doi.org/10.1103/PhysRevA.90.023609

I0OP Publishing NewJ. Phys. 17 (2015) 035011 J Hartwig et al

[55] van Kempen E, Kokkelmans S, Heinzen D and Verhaar B 2002 Phys. Rev. Lett. 88 093201

[56] Louchet-Chauvet A, Farah T, Bodart Q, Clairon A, Landragin A, Merlet S and Pereira dos Santos F 2011 New J. Phys. 13 065025
[57] Le Gouét], Mehlstiubler T, Kim J, Merlet S, Clairon A, Landragin A and dos Santos F P 2008 Appl. Phys. B92 133

[58] Hogan]J M, Johnson DM S and Kasevich M A 2008 arXiv:0806.3261

[59] Schubert Cetal2013 arXiv:1312.5963

[60] Foster G T, Fixler ] B, McGuirk ] M and Kasevich M A 2002 Opt. Lett. 27 951-3

[61] Chiow Sw, Herrmann S, Chu S and Miiller H 2009 Phys. Rev. Lett. 103 050402

[62] Chiow Sw, Kovachy T, Chien H C and Kasevich M A 2011 Phys. Rev. Lett. 107 130403

[63] McGuirk J, Foster G, Fixler ] B, Snadden M and Kasevich M 2002 Phys. Rev. A 65 033608

[64] http://optique-fichou.com/

[65] Dickerson S, Hogan ] M, Johnson D M S, Kovachy T, Sugarbaker A, Chiow S W and Kasevich M A 2012 Rev. Sci. Instrum. 83 065108

12


http://dx.doi.org/10.1103/PhysRevLett.88.093201
http://dx.doi.org/10.1088/1367-2630/13/6/065025
http://dx.doi.org/10.1007/s00340-008-3088-1
http://arXiv.org/abs/0806.3261
http://arXiv.org/abs/1312.5963
http://dx.doi.org/10.1364/OL.27.000951
http://dx.doi.org/10.1364/OL.27.000951
http://dx.doi.org/10.1364/OL.27.000951
http://dx.doi.org/10.1103/PhysRevLett.103.050402
http://dx.doi.org/10.1103/PhysRevLett.107.130403
http://dx.doi.org/10.1103/PhysRevA.65.033608
http://optique-fichou.com/
http://dx.doi.org/10.1063/1.4720943

	1. Introduction
	2. Choice of test pairs
	3. Atom interferometry in a 10-m atomic fountain
	4. Concept for a dual-species source of rubidium and ytterbium
	4.1. MOT Operation
	4.2. Trapping and evaporation
	4.3. Dual-species loading sequence
	4.4. Species miscibility and dynamic evolution
	4.5. Interferometer sequence
	4.6. Beam splitting and match of scaling factor

	5. Requirements and error budget
	6. Conclusion and outlook
	Acknowledgments
	References



