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We report on the progress towards a dual-species cadmium and strontium atom interferometer for fundamental physics
tests. We have developed and characterised a complete baseline laser system for cadmium, which provides the high
power and narrow linewidth necessary for laser cooling and trapping and for performing atom interferometry, with
upgraded systems for strontium also implemented. An overview of a design for cooling cadmium is presented and
we outline the basic design of a Cd-Sr atomic fountain, discussing atom launching techniques and the possible role
of blackbody radiation. The excellent properties of cadmium and strontium, both individually and as a test pair, are
discussed along with the enabled fundamental physics programme of tests of the weak equivalence principle and the
measurement of relativistic time dilation effects in quantum superpositions of clocks.

I. INTRODUCTION

Contemporary atomic clocks and atom interferometers pro-
vide measurements of frequency and gravity with unprece-
dented precision’?, arising from the possibility to control
both internal and external degrees of freedom combined with
matter wave’s sensitivity to electromagnetic and gravitational
fields>®. Atom interferometers based on the intercombina-
tion transitions of alkaline-earth and alkaline-earth-like atoms
operate at the intersection of these two devices and represent
an emerging technology”™ with a broad range of applications
for fundamental physics tests. In particular, much attention
has recently been focused on atom interferometers based on
the 'So->Py clock transition of strontium”®, for which large
baseline (> 10 m) devices are currently under construction in
the UK, the USA and Chinal®1Z These experiments aim to
search for ultralight dark matter and mid-band gravitational
waves, amongst other goals, and may serve as landmarks for
future space-based missions!314,

Strontium, however, is not the only species suitable for such
experiments, with ytterbium also receiving considerable atten-
tion. A further interesting candidate is atomic cadmium which
possesses a similar electronic energy level structure to stron-
tium, but with ground-state transitions approximately double
in frequency, placing them within the ultraviolet region (see
Fig.[I). This provides numerous potential advantages, includ-
ing higher intrinsic momentum transfer and reduced sensitiv-
ity to blackbody radiation. Shorter wavelengths also have an
increased Rayleigh length, leading to better wave front and in-
tensity homogeneity throughout the interferometry region and
reducing the effect of the Gouy phase!>.

Here we report on the progress towards a new dual-species
atom interferometer, based on cadmium and strontium atoms,
detailing the key design considerations and physics goals. In
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FIG. 1. The main transitions of interest for strontium and cadmium
and information on the naturally occurring isotopes. More details
can be found in Table[lland Section[[TAl

brief, however, a complete baseline laser system for cadmium
has been developed and characterised, as well as upgraded
laser systems for strontium, as presented in Section More
details on cadmium and strontium are first presented in Sec-
tion [[I} as well as the fundamental physics programme of the
dual-species interferometer. The basic cold atom apparatus
and some key systematic considerations are presented in Sec-
tion before conclusions and future plans are presented in
Section

Il. A CD-SR ATOM INTERFEROMETER
A. Relevant properties of cadmium and strontium

Strontium and cadmium are divalent atoms meaning they
provide access to both broad dipole-allowed transitions and
narrow forbidden intercombination transitions, as summarised
in Fig.[T]and Table[l] This combination provides the capability
for both efficient cooling and trapping down to the uK level in
magneto-optical traps (MOTs) and the possibility to perform
high-precision measurements in the optical regime. For the


mailto:nicola.poli@unifi.it

Towards a dual-species atom interferometer with cadmium and strontium 2

TABLE 1. Properties of the transitions of Cd and Sr atoms shown in
Fig. [T} Reported values are for the wavelength (1), natural linewidth
('), saturation intensity (/) and Doppler temperature (7p).

Transition A (nm) I'/2n I, (mW/cm?) Tp
ISo-TP; 22838 91 MHz 992 2.2mK
cd 'sy-’p; 326.1 67 kHz 0.252 1.6 uK
15,-3Py  332.1 7mHz (!!'cd, 'Bcd)  ~107? -
Transition A (nm) r/2x I, (mW/cm?) Tp
IS)-TP;  460.9 32 MHz 425 0.7 mK
Sr 1Sy)-°P; 6894 7.4 kHz 3x1073 180nK
1S9-3Py  698.4 1 mHz ¥7Sr) ~107° -

case of atom interferometry, these transitions allow for both
Bragg interferometry and single-photon clock atom interfer-
ometry schemes to be performed. Furthermore, the bosonic
isotopes of these atoms have 0 spin, making them insensitive
to external magnetic fields in their ground state.

Strontium is a very well established atomic source for a
broad range of fundamental and applied physics experiments.
In particular, the strongly forbidden !So-*Py transition is used
for the world’s most precise frequency measurements'®, and
for measuring frequency ratios with fractional uncertainties
below the 10720 level®. For atom interferometry, large-
momentum-transfer (LMT) atom interferometry has been
demonstrated on both the !So-'P; and !So-3P; transitions
in Bragg configurations®” as well as on a single-photon
scheme with the 1Sy-3P; transition®. Moreover, clock atom
interferometry on the !So-’Py transition has been demon-
strated as experimentally feasible in gradiometer and gravime-
ter configurations’®. Strontium is also suitable for trapped
atom interferometry schemes that make use of Bloch oscilla-
tions to extend the interferometry time 7' without increasing
the spatial size of the interferometer 5%, with the 8 Sr isotope
an especially interesting candidate due to its small negative
scattering length allowing for long-lived oscillations without
decoherence induced by inter-atomic collisions2?.,

In contrast to Sr, Cd is only recently gaining attention as a
practical atomic source. Much of this is due to the ground-
state transitions lying in the ultraviolet regime. The requested
UV light resonant with these transitions is technically chal-
lenging to produce and hampered early attempts to produce
MOTs by causing photoionisation®!. In principle, however,
UV transitions offer multiple advantages for precision mea-
surements with ultra-narrow transitions, including a reduced
sensitivity to blackbody radiation which has long made Cd
a candidate for atomic clocks, where blackbody radiation re-
sults in a leading systematic uncertainty!®. Furthermore, for
atom interferometry, the higher frequency of the UV transi-
tion results in a relatively larger momentum transfer per pulse
and therefore increases intrinsic device sensitivity. Cadmium
offers additional benefits as a test species, including the pres-
ence of eight naturally occurring isotopes2Z, of which six are
stable and the remaining two have half-lives greater than the
lifetime of the universe?) (Fig. [1). As six of these isotopes

are bosons, this makes Cd an excellent candidate for precision
frequency isotope shift spectroscopy?#2>, with applications in
the probing of physics beyond the standard model*?.

As a test pair for atom interferometry, Cd and Sr benefit
from the near 2:1 ratio of the main transitions of interest. This
has fundamental advantages in a dual-species atom interfer-
ometer (see Section[[TBJ), but also enables technology transfer
through the sharing of optics, cavities and master lasers (see
Section[[II)), which can reduce both cost and complexity of the
experimental setup.

B. Enabled physics: WEP & Quantum interference of clocks

A dual-species atom interferometer enables a broad class
of fundamental physics tests, but we focus here in particular
on those relevant for our case of two atoms possessing clock
transitions.

The weak equivalence principle (WEP) is a foundational
postulate of general relativity and therefore modern physics,
which states that an object undergoes free fall at a rate which is
independent of its mass and internal structure. This principle
has very recently been confirmed to the 10~ level by com-
paring the free fall of two classical masses in space?’. A dual-
species atom interferometer which is sensitive to gravitational
acceleration is a complimentary setting for testing WEP with
quantum bodies, with recent measurements in a 85Rb-37Rb
interferometer finding no violations down to the 10~!'? levell
and plans to test at the 10~'3 level with a Rb-Yb interferom-
eter under construction®®, A Cd-Sr interferometer provides
favourable conditions to perform these tests, due to the near
2:1 ratio of the transition frequencies, which e.g. by selecting
Bragg orders with a factor 2 difference allows for almost equal
kefr and therefore interferometry times 722 (Table/[II), which is
important in minimising systematic phase shifts and allowing
for common-mode rejection of vibrations*". Such an interfer-
ometer would also provide good sensitivity to WEP violations
arising due to the constituents of matter having different rates
of free fall. As shown in Table[I[Il} a Cd-Sr interferometer ex-
hibits good estimated sensitivities?® to such violations arising
from both a dilaton model’!' and the standard model exten-
sion (SME) model’Z. The violation parameters for a range of
Cd-Sr isotope pairs is comparable with other proposed dual-
species systems, especially for SME, and the different isotope
pairs afforded by Cd and Sr can be used to probe different
linear combinations of these violating parameters.

Moreover, the presence of optical clock transitions in both
Cd and Sr allows for WEP to be tested in a genuinely quan-
tum mechanical framework, such as by preparing the atoms in
a superposition of clock states. Although this has been per-
formed already in Rb*?, the greatly increased energy separa-
tion will enhance the effect of any violation. In addition, there
are very recent proposals for using atom interferometry with
clock transitions and clock-state superpositions to test another
aspect of Einstein’s equivalence principle, namely local po-
sition invariance, via probing the universality of gravitational
redshift**3% or the universality of clock rates>”.

Another physics goal is to look for time dilation effects of
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TABLE II. Estimation of ke ratio (by e.g. using suitable Bragg order

n for each atom) for dual-species interferometer tests of WEP. Set-
ting Ty = rTp, where r = k%ff / k¢ obtains the maximum common-

mode noise rejection, as described in Ref. 29.

N

A B (nm) (nm)

Sr ("Py) Cd (TP;) 460.9 228.8 1.004
Sr 3P;) Cd (°P)) 689.4 326.1 1.028
Sr 3Py) Cd (’Py) 698.4 332.1 1.025
Rb (D;) K (Dp) 780.2 766.7 1.009
Rb(D;) K(D;) 794.9 770.1 1.016
Rb (D3) Yb ('P;) 780.2 398.9 1.011
K (D;) Yb(P)) 766.7 398.9 1.002

systems prepared in a quantum superposition of states, which
has been the source of much very recent theoretical discus-
sion"%* These questions are of particular interest due to the
fundamental difference in the way that general relativity and
quantum mechanics describe time** and it has been suggested
that they may provide an insight into intrinsic decoherence
mechanisms and the quantum-to-classical transition**%. An
atom interferometer has the potential to generate macroscopic
spatial superpositions of atoms in an internal superposition of
clock states, meaning the two arms of the interferometer can
experience different time dilations, for example due to dif-
fering gravitational potentials. This can lead to a dephasing
between the two interferometer arms which results in a mod-
ulation of interferometry fringe contrast**. This change in
fringe visibility follows a periodic structure, with a full pe-
riod of visibility loss and revival observed when AzAT = g—i,
where Az is the difference in height between the two clock
arms, AT is time spent at this height difference, and v is the
clock frequency*. The motivation for using a dual-species
interferometer is that one atom can serve as a reference for
the other, as fully eliminating visibility loss from other exper-
imental sources (e.g. from background gas collisions) is very
difficult. For example, AzATcg = 10 m-s and AzATg;, =21 m-s,
meaning that Sr can serve as a reference for the faster decay of
Cd, especially if laser noise can be made common-mode (see
Section[[ITC). A full decay and revival of the fringe pattern of
Cd can be observed if, for example, Az=2 m and AT =S5 s,
which may be achievable in a hybrid fountain-trapped-atom
system.

Recently, it has been shown that it is not necessary to mea-
sure the decay in fringe contrast directly, as the same physics
leads to a phase shift in the interferometer”*. The proposal is
to use a doubly differential scheme, such as a Ramsey-Bordé
interferometer, with the clock superposition applied at a vari-
able time within the interferometer, and then measuring the
differential phase shift between the ground and excited states.
As well as being potentially less ambiguous than a loss of
visibility, measuring such a differential phase shift should be
more sensitive as the visibility loss is quadratically suppressed
at small values of dephasing®®. The expected change in dif-

TABLE III. Estimated sensitivity parameters to WEP violations of
selected dual-species Cd-Sr, Sr-Sr, and Cd-Cd in free-fall tests. For
brevity, only some isotope combinations are shown and the Rb-
Rb, Rb-K, and Rb-YDb values, originally reported in Ref. 28, are
given for comparison. The first set of quoted values arise from
the difference in the effective charges calculated from the compo-
sition of a test particle where Mg = D) AQ’AB +D2AQ’}‘B, with N4
the Eotvos ratio and Dy and D, parameters to be constrained, fol-
lowing the model in Ref. 31. The second set arise from a differ-
ence in the defined violation parameters for matter Afy, and anti-
matter Afy, linked to neutron excess and total baryon number, with
Nag ZAf_n+Afn+Af_y+Afyn, following the model in Ref. 32.
For both cases, larger absolute values of these parameters lead to
larger WEP violations.

AQ'\g AQRp Afy Afin Afn Afin
A B x10* x10* x10% x10* x10° x10*
87Sr 106Cd -6.54 -3.99 1.66 -2.99 4220 -1.98
87gr 113¢cd -3.71 -6.11 -1.19 -1.13 25.03 -0.25
87gr 1l4cd 2,62 -6.95 -2.30 -2.11 20.71 -1.22
88gr 108cd -6.12 -4.23 1.31 -2.95 36.28 -1.87
88gr 113cd 4.14 -572 -0.69 -3.17 1422 -2.10
88gr H4cd -3.77 -6.01 -1.07 -3.74 1550 -2.72
845y 8Sr 177 -1.59 -2.09 2.71 -11.21 227
87gr  88Sr 042 -039 -049 2.04 10.81 11.85
106cq 6cd 3.92 -2.96 -3.96 0.88 -21.49 0.76
108cg 116cq 3.07 -2.34 -3.12 -1.19 -26.38 -1.20
8Rb %7Rb 0.84 -0.79 -1.01 1.81 1.04 1.67
K 87Rb -6.69 -23.69 -6.31 1.90 -62.30 0.64
87Rb 170Yb -12.87 -13.92 -1.36 -8.64 86.00 -5.46

ferential phase shift between two different initialisation times
At is A, = 2VgAzAL /c?. Taking Az = 1 cm, At = 500 ms
then A@y, is 3.1 mrad and 1.5 mrad for Cd and Sr, respectively.
Such resolution should in principle be attainable for atom in-
terferometers with ~ 10° atoms and current technology, e.g.
in a 2-m fountain. Nevertheless, achieving the required vari-
able clock initialisation will require some significant techni-
cal challenges due to the requirement to create a superposi-
tion of clock states without imparting momentum®, although
a slightly modified scheme may mitigate some of these tech-

nical problems*”,

Ill. LASER SYSTEM ARCHITECTURE

The laser systems for cooling and trapping and performing
atom interferometry on cadmium and strontium are shown in
Fig. [J] and summarised below, grouped by transition. Due to
the prevalence of UV light, the systems have been constructed
in a clean laboratory environment.

A. Laser systems for the !Sy-'P, transition

The laser system for addressing the !So-'P; transitions has
been described before in detail%, though we provide a brief
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FIG. 2. Conceptual overview and basic design of the developed laser systems for Cd (dashed blue box) and Sr (dashed red box). Full details
are given in the text and references, but the laser systems are grouped by transition to highlight the common design features. For the 'Sq-'P;
transition, both lasers are based on a common master VECSEL design, which is frequency doubled in a stabilised resonant bow-tie cavity
(see Sr portion for details). The produced 461 nm is used directly for Sr, while the Cd system is doubled again to 229 nm. For 'Sg-3Py clock
transition, both the lasers can be locked to the same ULE cavity. The 698 nm light for Sr is derived from a Ti:sapph laser, which is pre-stabilised
to a medium finesse cavity. To produce the 332 nm for Cd, an ECDL serves as a master which is amplified and frequency quadrupled. The
ECDL is pre-stabilised to a medium finesse cavity, with further stabilisation to the ULE cavity performed on the doubled light at 664 nm. The
1Sy-3P; transition laser for Cd follows the same design as the Cd clock laser, but without the additional stabilisation to the ULE cavity. To
perform interferometry on the !So->P; transition of Sr, the Ti:sapph laser can be tuned to 689 nm. A 45-W commercial 1064-nm laser will be
used to perform an optical dipole trap, atom transfer and atom launching (green box).

summary here. Due to the near 2:1 ratio of these transitions
for Cd and Sr, a common master laser design is employed,
namely a wavelength-tunable vertical-external-cavity surface-
emitting laser (VECSEL) frequency-doubled in a lithium tri-
borate (LBO, LiB30Os) crystal placed at the tight focus of a
resonant bow-tie cavity. Due to the excellent spatial mode
quality and narrow linewidth of the VECSEL, efficient cou-
pling to the cavity is readily achieved, a major improvement
on systems based on tapered amplifiers. This design produces
the required 461 nm light for addressing the 'S(-!P; transition
of Sr directly, with a maximum of 1.4 W produced.

For Cd a further doubling stage to the deep-UV 229 nm
is required. This regime remains highly challenging, espe-
cially for continuous-wave systems, despite recent progress
at nearby wavelengths in terms of power and optical
coatings*®4  For this reason, a large doubling cavity is em-
ployed, trading efficiency for stability, by increasing the size
of the waist inside the doubling beta-barium borate crystal
(BBO, 3-BaB,0y), which is Brewster cut to remove the need
for optical coatings which could be damaged by the UV. A
maximum of 100 mW output has been achieved from this sys-
tem. Further increasing the power and stability of the 229 nm
light remains a long-term goal, although this power level is
already sufficient for cooling and trapping>".

B. Laser systems for the 'S)->P; transition

The developed laser system for the 1S,-3P; transition of Cd
will be used for laser cooling and trapping and for Bragg in-
terferometry. It has been described before in detailP!, In brief,
however, a homebuilt external-cavity diode laser (ECDL)
based on a gain chip emitting ~ 80 mW at 1304.8 nm is am-
plified in a Raman fibre amplifier (RFA) up to powers ex-
ceeding 10 W, before being doubled in a periodically-poled
lithium niobate crystal (PPLN, MgO:LiNbO3), giving output
powers of ~3 W in the red. This red light is coupled to a
resonant bow-tie cavity, stabilised with the Hansch-Couillaud
method, with a Brewster-cut BBO crystal placed at the tight
focus. Total produced UV powers can reach up to 1 W follow-
ing this doubling stage. In order to assure a narrow linewidth,
the master laser is stabilised to a Fabry-Pérot cavity cavity
(10 cm long, .% ~ 10*) using the Pound-Drever-Hall (PDH)
method, with measured in-loop linewidths on the kHz level.
Fast feedback (>100 kHz) is achieved by feeding back di-
rectly to the diode current, while slow feedback is directed
to the piezoelectric transducer (PZT) controlling the cavity
length. The suitability of this system for addressing the 67-
kHz-wide !So->P; transition of Cd has been demonstrated by
performing isotope-shift spectroscopy on a Cd beam and, es-
pecially, saturation-absorption spectroscopy.
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For performing interferometry with the !So-*P; transition
of Sr, a commercial Ti:sapph laser system, discussed in more
detail below in Section has been acquired. This sys-
tem can give up to 4 W at 689 nm, representing a major im-
provement compared to the tapered-amplifier systems previ-
ously used for Bragg interferometry on this transition”. Such
laser-diode-based systems will still be employed for the laser
cooling and trapping to be performed on this transition, due to
the considerably reduced optical power requirements.

C. Laser systems for the 1S)->Py clock transition

The laser systems for the 1S4-3Py transitions of Cd and Sr
have been described before in detail®®. As with the case of the
1SO-IP] transition lasers, here we again make use of the near
2:1 ratio of the wavelengths by using the same super-high-
finesse ultra-low-expansion (ULE) Fabry-Pérot cavity to sta-
bilise both laser down towards the Hz level. The performance
of this cavity has previously been demonstrated for S>3, but
it is also suitable for stabilising the harmonic 664 nm light of
the Cd transition. In this case, we measure .Fggq = 1.3 X 109,
compared to .Fgog = 4.1 x 10° when operating at 698 nm.
One advantage of this system, is that if both wavelengths can
be coupled simultaneously in a counter-propagating scheme,
then they will share common cavity-mode noise, which may

be cancellable in a differential scheme>2.

The clock laser for Cd is very similar to the system
described above except that an acousto-optical modulator
(AOM) is used on the 664 nm with the first-order diffracted
beam sent to the doubling cavity. A fraction of this first order
beam is also coupled to the ULE cavity and an error signal
derived using the PDH technique. This error signal is used
to steer the pre-stabilisation Fabry-Pérot cavity via a mirror
mounted on a PZT, holding the laser stable at low frequen-
cies. Additional high frequency feedback is provided to the
AOM, up to around a 50 kHz bandwidth. The measured in-
loop error signal implies a linewidth of 2 Hz for the 664 nm
light sent to the doubling cavity. As above, total produced UV
powers are ~1 W and Rabi frequencies Q/27 >kHz should
be achievable with an interferometry beam with 5 mm radius.

Instead for Sr, a commercial Ti:sapph laser system is used,
which is pumped by a 25 W CW laser at 532 nm. An intra-
cavity electro-optical modulator (EOM) is inserted to increase
the feedback bandwidth (~300 kHz) and in this configuration
4 W of output optical power at 698 nm is produced. Similarly
to the case for the Cd setup, the Ti:sapph is first stabilised to
a medium finesse Fabry-Pérot cavity via PDH locking, with
feedback sent to two PZT actuated mirrors in the Ti:sapph
cavity. The error signal from the ULE cavity is then sent to the
PZT controlling the medium-finesse cavity length at low fre-
quencies and to the EOM at high frequencies. The measured
in-loop linewidth of 10 Hz means the laser should be capable
of driving fast and efficient Rabi cycles (/27 ~ 2 kHz) even
with a large beam radius (5 mm).

IV. EXPERIMENTAL DESIGN & CONSIDERATIONS
A. Cold atom apparatus & fountain

The two species will be independently prepared before be-
ing transferred together into the same chamber where they will
be launched in a fountain configuration up a DN10OCF tube.
The preparation of cold Sr is well established, whereas only
a few demonstrations of cold cadmium exist*1%>20, For this
reason, a state-of-the-art cold cadmium apparatus has been
designed and thoroughly numerically simulated, inspired by
systems for producing continuous cold Si*2. The design and
simulation have very recently been reported in full detail®®,
but briefly, Cd will be loaded from an atomic beam into a 2D
MOT using the 229 nm transition, before being slowly pushed
down to a 3D MOT on the 326 nm transition placed ~35 cm
below. This design allows for atoms to be continuously loaded
into the intercombination-transition MOT, whose Doppler
temperature is 1.6 uK, away from the aggressive and high
energy 229 nm photons. The estimated loading rate into the
3D MOT is ~ 3 x 107 atoms/s. Although atom interferome-
try in 1-m fountains is possible with uK temperatures>>, fur-
ther cooling following the MOT stage will be performed in
independent optical dipole traps at 1064 nm, following which
the atoms will be transferred to the main science chamber
and brought together for interferometry. Quantum-degenerate
samples have been produced for all isotopes of S1°, but nei-
ther this technique nor measurements of cold-collisional cross
sections have been performed for Cd. The presence of eight
isotopes of Cd means, however, that it should be possible to
find an isotope with suitable quantum miscibility.

B. Atom launching

An important requirement for an accurate dual-species
atom interferometer is that the two species are prepared with
the same launch velocity. Although this can be most eas-
ily achieved by dropping the atoms, interferometry time is
maximised by launching in a fountain. Approximately equal
launch velocities can be achieved by using a lattice launch, for
example with a far-off-resonant dipole trap’”. We propose to
use a 45 W 1064 nm laser to generate the lattice, as this can
make a deep trap for both Cd and Sr simultaneously>®. The
launch process can be understood as a series of Bloch oscil-
lations which impart momentum 27k, where kg, is the lattice
wavenumber=2, For a lattice accelerated at a;, the period of
the Bloch oscillations is given by 15 = 2fik; /may, where m
is the mass of the atom. There will therefore be a small dif-
ference in the launch velocity for different Cd and Sr isotopes
arising from their mass difference and a loss in atom num-
ber due to unmatched oscillation frequencies resulting in some
isotopes being launched in a momentum-state superposition.
However, these effects can be minimised by appropriately se-
lecting the launch characteristics. For example, for an inter-
ferometer utilising the two most abundant isotopes, ''*Cd and
88Sr and with the lattice accelerated over a 10 cm region, a
launch acceleration chosen to match exactly Ngg = 631 os-
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FIG. 3. The effect of blackbody radiation induced phase shifts. In
all cases the ambient temperature is assumed to be 300 K, the inter-
ferometry time 7' = 500 ms and red denotes Sr and blue Cd. (a) The
magnitude of the phase shift arising due to a change in temperature of
1 K in a clock atom interferometer. Different lines represent differ-
ent LMT cases: solid lines, n = 1; dashed lines, n = 100; and dotted
lines, n = 10*. (b) The acceleration in units g of the phase shift in a
Bragg interferometer operating on the !Sq-'P; transition (solid lines)
in a temperature gradient of 0.1 K/m. Dashed lines show the atom
shot noise limit for n = 10 and N = 10* atoms, and dotted lines the
case for n = 100 and N = 10° atoms.

cillations results in Ns; ~ 487 and to an apogee of ~1 m.
In this case, most of the the ®3Sr atoms will be launched in
the desired momentum state and the two isotopes will have
a different launch velocities of just Avy = 0.2 mm/s. The
velocities of these clouds can then be more closely matched
by using the velocity-selective nature of the interferometry
beams. A WEP test at the 107! level used this method to
achieve Av < 60 um/s following a launch with Av; <1 mm/s!,
which compares well with our estimate. The systematic ef-
fect arising from any remaining initial kinematic differences
can be reduced by using an appropriate interferometry pulse

sequence>?.

C. Role of blackbody radiation

As discussed in Section[[T/A] a key motivation for using Cd
for precision measurements is its reduced sensitivity to black-
body radiation (BBR). Although this has traditionally been
considered in the context of atomic frequency standards, BBR
can also lead to non-negligible shifts in atom interferometry®”
and has led to careful temperature monitoring being installed
on some very-long baseline systems®!.

The frequency shift of a transition can be characterised ac-
cording to 8v/vy = B (Tx/300 K)* where vy is the unper-
turbed frequency and Tx the ambient temperature. The co-
efficient 3 is atom specific, with respective values of —2.8 x
10716 and —5.5 x 10~ for the 'Sy-*Py optical clock transi-
tion of Cd®? and Sr. This results in static frequency shifts of
—0.25 Hz and —2.4 Hz at Tx = 300 K, respectively, making
Cd an order of magnitude less sensitive. For clock atom inter-
ferometers, the phase shift depends directly on the transition
frequency as Ag ~ 2wvgT?/c, so the BBR shift will trans-
late directly into a change of interferometer phase®*. More
interesting than a static phase shift, however, are changes in
temperature, either spatial or temporal, which could mimic a

genuine signal of physical interest. A full analysis would have
to consider the frequency spectra of the signal and the temper-
ature fluctuations, but an idea of the problem can be achieved
by considering 8¢ /8Tk, as shown in Fig. (3| for the case of
temperature changes of 0Tk = 1 K about Tx = 300 K. As can
be seen, such phase shifts can become considerable (>mrad)
at long interferometry times and with large-momentum trans-
fer and for this reason it has been suggested to use a three-loop
interferometry sequence . As 8¢ /3Tk < Bvo, the effect is an
order of magnitude less for Cd compared to Sr.

Blackbody radiation will also affect atom interferometers
based on Bragg beams, where the atom stays in the ground
electronic 'Sy state throughout the interferometry sequence.
Here the mechanism is a force arising due to any gradients in
the a.c. Stark shift induced by the BBR field. The relevant pa-
rameter is therefore the static polarizability of the ground state
o, which is g = 46.53 a.u. and ag; = 197.2 a.u. for CdY
and Sr%, respectively. For a cylindrical vacuum chamber, the

acceleration due to a variation of temperature along the sym-
1 9 200Tk(2)
mdz cgy

Stefan-Boltzmann constant®’. As shown in Fig. [3| this can
lead to potentially significant accelerations in comparison to
the atom shot noise for realistic parameters, especially for the
case of Sr, which is lighter and has a greater polarizability than
Cd. For example, at Tx = 300 K and with d7x/dz = 0.1 K/m,
acqg =2 pm/s2 and as; = 10 pm/sz. Both these values are lower
than in the case of Rb, where agy, = 17 pm/s2. Such acceler-
ations are close to the resolution achievable with state-of-the-
art devices, which operate close to, but above, the shot-noise
limit for 10° Rb atoms?.

metry axis z is given by a(z) = , where o is the

V. CONCLUSION & OUTLOOK

A dual-species Cd-Sr interferometer is being developed for
fundamental physics tests with particular interest in exploit-
ing the narrow intercombination transition afforded by these
species. Work so far has primarily focused on the develop-
ment and upgrading of the required laser and vacuum sys-
tems, including a set of three high-power, narrow-linewidth
UV lasers for Cd. In the near future, cooling and trapping of
Cd will be implemented and preliminary atom interferometry,
which has yet to be demonstrated for this atom, will be per-
formed. This phase will also involve rigorous measurements
of the properties of different cold Cd isotopes, which are not
currently available in the literature. Following this, experi-
ments will begin on the full dual-species fountain Cd-Sr inter-
ferometer.

Although we have focused on a standard laboratory-scale
experiment, many of the advantageous features identified here
may also be of use for future very long baseline experiments,
making Cd an attractive option for further research, especially
as UV laser technology continues to mature.
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