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Atom interferometry on optical clock transitions is being pursued for numerous long-baseline exper-
iments both terrestrially and for future space missions. Crucial to meeting the required sensitivities of
these experiments is the implementation of large momentum transfer (> 103�k). Here, we show that to
sequentially apply such a large momentum via π pulses places stringent requirements on the frequency
noise of the interferometry laser and we find that the linewidth is required to be considerably lower than
the previous estimate of approximately 10 Hz. This is due to imperfect pulse fidelity in the presence of
noise and is apparent even for an atom at rest interacting with resonant light, making this a fundamen-
tal constraint on operational fidelity for a given laser and pulse sequence. Within this framework, we
further present and analyze two high-power frequency-stabilized laser sources designed to perform inter-
ferometry on the 1S0–3P0 clock transitions of cadmium and strontium, operating at 332 nm and 698 nm,
respectively.
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I. INTRODUCTION

Atom interferometry utilizing single-photon optical
transitions represents an emerging technology with the
ability to probe physics in a variety of previously untested
regimes [1–3]. This includes experiments looking for tests
of the quantum twin paradox [4], gravitational red shift [5],
and tests of the weak equivalence for atoms in quantum
superpositions [6]. In particular, however, multiple exper-
iments based upon the 1S0–3P0 clock transition of Sr at
698 nm have been proposed to search for a very wide
set of fundamental physics goals, but especially for ultra-
light dark-matter searches and gravitational wave detection
[7–12]. These experiments are predicated on the crucial
fact that for interferometers based upon a single-photon
transition, the laser phase is set at the point of emission
and is therefore identical for all regions of the interferom-
eter, regardless of their spatial separation, and cancels out
in the readout stage for a gradiometric configuration [7,8].

*nicola.poli@unifi.it
†Also at INFN—Sezione di Firenze, Sesto Fiorentino, Italy.
‡Also at INFN—Sezione di Firenze and CNR—INO, Sesto

Fiorentino, Italy.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

This allows for much larger interferometer baselines to be
employed than would be possible with counterpropagat-
ing multiphoton interferometry beams, as used in Raman
or Bragg interferometers, where the finite speed of light
introduces a noise term [13].

The use of large baselines and the enabled very large
interferometry times are not, however, sufficient in them-
selves to achieve the sensitivity required for the physics
goals of these experiments. Therefore, it is necessary to
enhance the device sensitivity by employing the tech-
nique of large momentum transfer (LMT) [8], with very
large enhancements of 103–104 ultimately proposed for
terrestrial experiments currently in the development stage
[11,12]. In practice, this typically means increasing the
momentum separation between the two paths of the wave
packet by applying a series of π pulses, the number of
which is of the same order as the required enhancement
[3,8]. For these schemes, it is therefore crucial that each
π pulse is as efficient as possible if interferometry con-
trast and fringe visibility are to be maintained, as a loss
of fringe visibility leads to a decrease in device sensitiv-
ity and therefore acts in opposition to the metrological
gain that would otherwise be achieved by LMT. From a
practical standpoint, this requirement translates as needing
an ultracold velocity-selected atom source illuminated by
an intense and homogeneous beam. Furthermore, although
laser frequency noise cancels out in the phase readout in
the clock-transition gradiometer configuration [1,2], laser
noise can nevertheless degrade device performance by
reducing π -pulse efficiency and interferometer contrast
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and visibility [14], as has been experimentally observed
for clock atom interferometers [1,2].

In this paper, we concentrate on the effect of laser noise,
both intensity but especially frequency noise, on pulse
fidelity, and hence on interferometer fringe visibility. We
determine the fidelity for the Mach-Zehnder interferometry
schemes proposed for large-baseline clock-transition inter-
ferometers [8], showing that the induced imperfections of
fidelity lead to practical difficulties in scaling LMT to the
desired levels of large-baseline clock atom interferometers,
especially at the proposed laser linewidth of approximately
10 Hz [12]. It is further shown that, in general, the fidelity
of the pulse sequence is improved for a given noise level
with increasing Rabi frequency, highlighting the need for a
high-intensity interferometry beam, which is an important
technological difference between using optical-clock tran-
sitions for atom interferometry and frequency metrology.
As we consider the case of a single two-level atom inter-
acting with a resonant laser, these results hold regardless of
the atom-cloud temperature or spatial spread and represent
the maximum achievable fidelity for a given laser system
and pulse sequence.

We further apply this fidelity formalism to two newly
developed high-power hertz-level clock lasers and show
the practical LMT limits in principle achievable with these
lasers when performing a standard clock-interferometry
sequence. These two systems have been specifically devel-
oped for performing atom interferometry on the 1S0–3P0
clock transitions of Cd and Sr at 332 nm and 698 nm,
respectively [15]. For the case of the UV transition of
Cd, we build upon on recently demonstrated technology
for a laser source centered at 326 nm [16], extending that
work by demonstrating the capability of obtaining high
coherence via successive frequency-stabilization stages on
optical cavities with increasing finesse.

This paper is structured as follows. In Sec. II, we discuss
the basics of LMT clock interferometry and visibility loss.
In Sec. III, we present the basic theory of pulse fidelity,
with further details in Appendix A, and show the results of
the pulse fidelity calculations applied to a LMT sequence.
In Sec. IV, we discuss the developed laser systems and
analyze them within this framework. Our conclusions are
reported in Sec. V.

II. LMT CLOCK ATOM INTERFEROMETER
SENSITIVITY

The leading-order phase shift of a clock atom interfer-
ometer is φ ∼ nkgT2, where n is the LMT order, k is the
wave number of the transition, g is the local gravitational
acceleration, and T is the interferometry time [1,8]. Single-
shot-interferometry sensitivity can be characterized by the
ratio �φ/φ, where �φ is the phase difference between
the two interferometer arms that can be experimentally
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FIG. 1. (a) Clock atom interferometers operate on the
metastable 1S0–3P0 transition, which is ideally driven by a noise-
less laser (blue line). A noisy laser system (red line) will instead
introduce errors when applying operations, such as for a π pulse
as shown here in the Bloch-sphere representation of the two-level
system. (b) These imperfections lead to damping in the temporal
domain and also to a loss of interferometry visibility and hence
interferometric sensitivity. (c) The proposed LMT scheme for a
large-area clock atom interferometer [8]. The black lines repre-
sent the basic interferometry scheme, while the orange and green
lines represent the LMT pulses applied to the upper and lower
arms, respectively. The upper and lower arms of the interferom-
eter receive different pulses but with a pattern that is symmetric
in time.

resolved. It is therefore expected that, in principle, device-
sensitivity enhancement should scale linearly with LMT
order n and it has consequently been suggested that clock-
atom interferometers should be improved by performing
a succession of π pulses propagating in alternating direc-
tions [8]. In brief, a LMT enhancement of n is achieved
by applying two additional stages of 2(n − 1) π pulses
independently resonant to the upper and lower interfer-
ometry arms and temporally mirrored about the standard
interferometry-mirror pulse sequence (Fig. 1).

However, in experimental conditions, �φ itself is typ-
ically found to be dependent upon the parameters n and
T. This is because �φ is extracted from the relative popu-
lation difference and is therefore proportional to the slope
and hence the visibility of the interferometry fringe (see
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Fig. 1). In a typical atom interferometer, sources of vis-
ibility loss relating to the interferometry pulses can be
roughly divided into two categories: those that lead to
the different constituent atoms of the ensemble becom-
ing out of phase with each other; and those that degrade
the operational fidelity on the single-atom scale [17]. The
former is well studied and often represents the leading
practical constraint on atom interferometers, with finite
atom-cloud temperature and size, as well as interferometry
beam imperfections (e.g., wavefront and intensity inho-
mogeneities), causing different atoms within the ensemble
to interact with effectively different laser beams during
the sequence [14,18,19]. The resulting atomic dephasing
causes a loss of contrast and visibility, as the readout of
the interferometer is effectively the average over all the
individual atoms. Not all such contrast losses, however,
can necessarily be considered as due to a fundamental loss
of coherence, as demonstrated by related spin-echo tech-
niques [20,21]. Nevertheless, such effects are known to be
both crucial and a key limiting factor for many current
atom interferometers [14].

In addition to beam and cloud temperature imperfec-
tions reducing visibility, however, imperfect application of
the desired quantum operation (e.g., π/2 and π pulses)
will lead to contrast loss and other systematic errors.
One source of such imperfections is laser noise and, cru-
cially, LMT exacerbates the problem as it increases the
number of necessarily imperfect pulses that are applied.
In investigating this problem, previous analyses have
tended to account for laser frequency noise by consider-
ing the excited population fraction from a π pulse to be
Pe ≈ 1 − δ2/�2

R [8,12], where δ is the effective detuning
and �R is the Rabi frequency. In this regime, it is the
small changes in δ caused by the nonzero laser linewidth
that are considered. Such calculations have concluded that,
for �R/2π ∼ 103 Hz, the laser linewidth needs to be kept
to the order of 10 Hz for contrast loss on the percent
level for an interferometer with LMT order n ∼ 103 [12].
As 10 Hz is readily achievable with current technologies,
other effects such as finite atom temperature and inten-
sity variations across the atom cloud are considered as the
main source of dephasing and thus contrast and visibility
loss.

However, it is also well known that the laser noise
in terms of both intensity [22] and, especially, frequency
[23,24] is an important parameter in determining pulse
fidelity in quantum systems, as has been extensively stud-
ied in the field of quantum computing, which targets 104

operations on a single-qubit system [25,26]. Furthermore,
it has recently been shown that to correctly determine π -
pulse fidelity, it is not sufficient to consider only the line
width of the interrogating laser; rather, the whole power
spectrum of fluctuations should be considered [27]. Imper-
fect pulse fidelity arising from laser noise reduces the
visibility as above but in an arguably more fundamental

way, as it is a damping of a single atom rather than a
washing-out across the ensemble.

We note that although this laser noise also affects the
fidelity of, e.g., Raman transitions [27], this represents a
crucial practical difference between clock atom interfer-
ometers and more standard multiphoton-transition config-
urations. In the latter case, the relevant noise term is the
relative phase noise between the counterpropagating inter-
ferometry beams, while for clock interferometers it is the
absolute laser phase noise itself that is the relevant parame-
ter [2]. The phase noise of Raman and Bragg beams can be
easily reduced to orders of magnitude less than the phase
noise that is currently achievable with even the narrowest
clock lasers [28,29].

III. PULSE FIDELITY AND COMPUTATIONAL
RESULTS

In determining the effect of the laser noise, we consider
the fidelity of the whole interferometry sequence, where
the fidelity of a quantum operation is defined as the overlap
of the target operation with the actually applied operation.
This is quantified by the square modulus of the Hilbert-
Schmidt inner product of these operations [17]. Laser noise
causes the state evolution on the Bloch sphere, defined
here by the two-level system formed by the 1S0–3P0 clock
transition, to deviate from the ideal case and thus for the
fidelity to deviate from unity (Fig. 1). Specifically, in the
standard case of applying a rotation about the x or y axes,
frequency and intensity noise, respectively, produce unde-
sired rotations about the z axis and the x and y axes [27].
In the presence of weak noise, the fidelity can be written as
[17,23,27]

F � 1
2

[
1 + e−χ

]
, (1)

where χ is the fidelity decay constant, which is related, to
first order, to the noise power spectral density (PSD) by the
filter function (F (ω)) of the operation being performed:

χ =
∑

j

1
π

∫ ∞

0

dω

ω2 Sj (ω) Fj (ω) , (2)

where Sj (ω) is linearly related to the PSD in a manner
dependent upon the type of noise source and the sum-
mation is over the different sources of noise. Specifically,
for frequency and intensity noise Sj (ω) = 1

4 SωL (ω) and
Sj (ω) = 1

16�2
RSI (ω), respectively, where SωL (ω) is the

laser frequency noise, SI (ω) the relative intensity noise
(RIN), and �R is the Rabi frequency [27].

In addition to the fidelity, the parameter W = exp [−χ],
which varies from 0 to 1, can also be considered. For
a standard Mach-Zehnder sequence, this W parameter
scales linearly with the interferometer visibility. There-
fore, assuming that the interferometer sensitivity is linearly
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dependent upon both this value and LMT order (see Sec.
II), the use of this parameter allows for the sensitivity rel-
ative to an interferometer with W = 1 and n = 1 to be
determined. For both F and W, the problem of determin-
ing the fidelity of a quantum operation is reduced to the
knowledge of the relevant PSDs and calculation of the
appropriate filter functions. We note that this more gen-
eral approach differs from the sensitivity-function method,
which instead quantifies only the expected readout phase
fluctuations as a function of the pulse sequence and the
interferometric laser phase noise [30–32].

We determine the filter function for laser frequency
noise for a sequence of square pulses mimicking the pro-
posed LMT sequence in a clock-transition interferometer
for detecting gravitational waves [8] [Fig. 1(c)]. These cal-
culations follow a known method [17], with the key results
for this application summarized in Appendix A. Figure 2
shows the filter function calculated for a variety of LMT
values and shows a structure with a low-frequency cut-
on, two principal resonances around �R, and then a flatter
distribution at higher frequencies with some harmonics on
top. As can be seen, the filter-function structure is largely
unmodified with increasing LMT, except that the function
resonances about the Rabi frequency are amplified approx-
imately quadratically with LMT order n. An increase in
the interferometry time increases the sensitivity to low-
frequency noise and determines the position of the nodes of
the function at low frequency. The angular frequency of the

first node is found to have a 1/ log10 (T) dependence, with
subsequent nodes occurring at harmonics of this frequency.

The above framework can be used to compute the effect
of the laser frequency noise and the RIN on the opera-
tional fidelity. We calculate the effects independently but
in the real case they must be combined through the sum-
mation in Eq. (2). When analyzing these effects, we in
all cases assume a spectrally flat distribution, i.e., the
PSD is a constant value, and integrate Eq. (2) in the
range 10−2–107 rad/s. Although ideally Eq. (2) should be
integrated over all angular frequencies, we find that, in
our case, when increasing or decreasing both the upper
and lower integration limits by two decades, the resultant
fidelity is only altered by approximately 1%.

In the case of the RIN, it is observed that the pulse
fidelity from a single π pulse is relatively unaffected by the
laser noise [Fig. 2(d)], with excellent fidelities above 0.999
achievable even with high RIN values of −70 dBc/Hz for
a wide range of Rabi frequencies. However, it is important
to note that the �2

R dependence in Eq. (2) may make the
RIN contribution experimentally important should alterna-
tive schemes to increase the Rabi frequency be used [3,33].
Nevertheless, we therefore ignore the contribution of the
RIN in the following analysis.

Although not as insensitive as for the RIN case, we
find that good single π -pulse fidelities can be achieved
when considering frequency noise, with F = 0.9988
for a linewidth of 10 Hz and a Rabi frequency of

(a)

(b) (c)

(d)

Laser Linewidth ∆ν (Hz)

FIG. 2. (a) The filter function calculated for different LMT values [see Fig. 1(a)]. In these calculations, the interferometry time
T = 1 s or 10 s, the Rabi frequency �R = 103 rad/s, and the pulse separation τ = 1 μs. (b),(c) The fidelity of a LMT sequence (b) as
a function of the laser linewidth for a fixed Rabi frequency (�R/2π = 103 Hz) and (c) as a function of the Rabi frequency at a fixed
laser line width (�ν = 1 Hz). In both cases, τ = 1 μs and T = 1 s. (d) The fidelity of a single π pulse as a function of the RIN level
and the Rabi frequency.
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�R/2π = 1 kHz, in line with previous estimates [8].
Conversely, however, the fidelity of a LMT sequence
is highly degraded by the presence of laser frequency
noise, unless the laser noise is reduced to experimen-
tally difficult linewidths [Fig. 2(b)]. As mentioned, these
calculations assume white noise that we relate to a
Lorentzian linewidth via �ν = πSν = SωL/2. We focus
on Lorentzian linewidths for generality, whereas in real-
ity laser linewidths typically take the form of a central
Gaussian region and a Lorentzian component at higher
frequencies [34], with an additional servo bump from the
employed feedback circuit. The effect of these spectral fea-
tures has been studied in a quantum computing context
[27] and allows for the possibility of potentially reducing
the degrading effect of the laser noise on the interferometry
fidelity by suppressing the noise around peaks of the filter
function or by judicious selection of the Rabi frequency
[32]. Therefore, for any real application, the measured
noise spectra of the laser sources should therefore be used
for analysis, as we show later in Fig. 5.

As an example of the difficulties posed, however, for
a Rabi frequency �R/2π = 1 kHz and T = 1 s, the
fidelity already approaches its minimum value of 0.5 for
n = 1000 even with a linewidth of �ν = 1 Hz and is at
this value already for n = 1 when �ν = 10 Hz [Fig. 2(b)].
For a given LMT and �R, the fidelity is initially relatively
unaffected by increasing �ν but decays exponentially fol-
lowing a cutoff linewidth. In this regime, the fidelity
decays from approximately 0.9 to the minimum 0.5 with
an approximate factor-of-10 increase in �ν, meaning that
it is important to keep �ν at, or lower than, this cutoff value
to achieve the highest fidelities.

The dependence of fidelity on LMT order n at a fixed
linewidth �ν is similarly not seen to be initially critical for
the realistic Rabi frequency �R/2π = 1 kHz in Fig. 2(b).
As n is increased, the fidelity stays close to the n = 1 value
until n ∼ 100. This is due to the value of the χ parameter
being dominated by the low-frequency region of the spec-
trum for small values of n and the insensitivity of the filter
function to n in this region [Fig. 2(a)]. When the integration
of the resonances around �R begins to become significant
in comparison to the low-frequency noise, then the fidelity
begins to decrease significantly with n. When the fidelity
is close to its maximum and minimum values of 1 and 0.5
for n = 1, the dependence on n is also decreased.

Unlike in the case of the RIN, however, the situation is
improved with an increasing Rabi frequency [Fig. 2(c)], as
this increases the frequency of the resonances [Fig. 1(b)].
Combined with the 1/ω2 dependence of Eq. (2), this leads
to a relative suppression of the laser noise. This is in agree-
ment with the simple picture of considering the ratio of
the effective detuning and the Rabi frequency. Increasing
�R has additional benefits for real systems with finite tem-
perature [33], although the RIN will become increasingly
important, as discussed above.

(a)

(b)

FIG. 3. The relative interferometer sensitivity, defined as nW,
as a function of LMT for different values of (a) the laser linewidth
�ν (with �R/2π = 103 Hz) and (b) the Rabi frequency �R (with
�ν = 1 Hz). The dashed gray lines show linear scaling with
LMT and W = 1 for comparison. In all cases, τ = 1 μs and
T1 = 1 s.

To quantify the reduction in interferometer performance,
we consider the parameter W that we define earlier and
that is closely related is closely related to the fidelity. In
the ideal case of perfect pulse fidelity, the relative sensitiv-
ity enhancement of the interferometer would scale linearly
with n but this is seen to not be the case in the presence of
laser frequency noise. As shown in Fig. 3, there is, in fact,
an optimal value of n for a given �ν and �R in terms of
maximizing single-shot sensitivity. This framework repre-
sents a practical guide for finding the optimum LMT order
n to maximize interferometer sensitivity in a real case.
For example, for a laser with �ν = 1 Hz and �R/2π =
103 Hz, this occurs for n ∼ 500 and at n = 104 the sensitiv-
ity is lower than at n = 1 [Fig. 3(b)]. For a 10-Hz-linewidth
laser at the same Rabi frequency, however, this optimum is
at n < 100 and, moreover, the relative sensitivity is sig-
nificantly less than 1 in all cases [Fig. 3(a)], highlighting
the necessity of low-noise lasers if the potential sensitivity
gains from LMT are to be realized.

IV. CLOCK-INTERFEROMETRY LASER
SOURCES

As can be deduced from the above results, the
principal requirements for a laser system for
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performing LMT clock-transition interferometry are high
optical power and high coherence (Fig. 4). For the Sr sys-
tem, the 1S0–3P0 transition is at 698 nm, meaning that
commercial systems can provide the basis of this, in addi-
tion to providing good spatial mode quality and low RIN.
We use a commercial Ti:sapphire system (Matisse TS,
Sirah), pumped with up to 25 W at 532 nm, which is locked
to a super-high-finesse ultralow expansion (ULE) optical
Fabry-Pérot cavity with a finesse F698 = 4.1 × 105 [35].
A high feedback bandwidth (approximately 300 kHz) is
achieved by utilizing an intracavity electro-optical mod-
ulator (EOM), at the cost of a slight reduction in output
power (approximately 20%). Nevertheless, a total optical
power of 4 W is achieved at 698 nm in this configuration,
more than an order of magnitude more than has previously
been used for interferometry on the 1S0–3P0 transition [1].
Stabilization is performed by prestabilizing the laser to a
medium-finesse Fabry-Pérot cavity, using the EOM and
the piezoelectric transducers (PZTs) on two of the laser
mirrors. This cavity is in turn locked to the super-high-
finesse cavity by controlling its length with a PZT on one
of the cavity mirrors. For both cavities, approximately 1
mW of light is sent via polarization-maintaining fiber and
modulated at approximately 10 MHz by external EOMs
for Pound-Drever-Hall (PDH) locking [36]. The PSD of
the in-loop measurement of the error signal is shown in
Fig. 5 and yields a linewidth of 10 Hz.

The 1S0–3P0 transition of Cd, however, is at 332 nm and
a UV light source capable of 1 W of optical power and
coherence at the hertz level is not currently commercially
available. It is therefore necessary to develop a system
internally, optimizing its performance ad hoc for this appli-
cation. We follow the same basic scheme as has recently
been reported for a laser for the 1S0–3P1 Cd transition
at 326 nm [16], where intense UV radiation is produced
by two successive stages of second-harmonic generation
(SHG), i.e., it is quadrupled from the infrared emission of
a high-power semiconductor diode and fiber amplifier. In
brief, a Littrow-configuration extended-cavity-diode mas-
ter laser (ECDL) based on a gain chip is used to inject a
commercial Raman fiber amplifier, which amplifies the 35-
mW input to the 10-W level. SHG of this light is performed
in a periodically poled lithium niobate (PPLN) crystal,
producing around 3 W at 664 nm, before being doubled
again in a resonant bow-tie cavity using a Brewster-cut
beta-barium borate (β-BaB2O4, BBO) crystal as the non-
linear doubling medium [37]. This cavity is locked via the
Hänsch-Couillaud technique [38] for total produced UV
powers up to approximately 1 W.

The key difference with the previous scheme is the
requirement of greater coherence than is necessary for
the 1S0–3P1 Cd transition (� = 2π × 67 kHz). This is
achieved first by optimizing the prestabilization lock of
the ECDL onto a medium-finesse optical Fabry-Pérot cav-
ity (Fpre = 5 × 103). The error signal thus generated is
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Ti:SaMatisse

BBO

50 mW
1328 nm

3 W
664 nm

1 W
332 nm
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4 W
698 nm

Cd

Sr

ULE Cavity
698 ~ 400 000

AOM
Cd

332 nm

Sr
698 nm

1S0

3P0

3P0

1S0

FIG. 4. The setup of the clock atom interferometry laser
sources for Sr and Cd at 332 nm and 698 nm, respectively. The
laser for Sr is derived from a Ti:sapphire laser with an intracav-
ity EOM. For Cd, the laser is a frequency-quadrupled ECDL that
is amplified by a Raman fiber amplifier. The lasers can both be
locked to the same super-high-finesse ULE clock cavity. See the
text for details of the locking procedures.

engineered by optimized proportional-integral-derivative
controllers (PIDs) and filters before being used to close the
stabilization loop. Two independent transduction channels
are used: the PZT, which defines the grating orientation
of the ECDL (low frequency—1 kHz); and the modu-
lation input superimposed on the current supply (high
frequency—700 kHz). In-loop noise analysis conducted
on this stage shows that it is capable of reducing the
source noise to equivalence to an estimated linewidth of
approximately hertz level in the 100-kHz band [39].

To really reduce the linewidth further to the hertz level,
the laser must be locked to the ULE cavity, for which a
second feedback stage is applied in the visible region fol-
lowing SHG. The observation of a 20-Hz beat between
the prestabilized and the amplified radiation allows us to
conclude that the coherence length of the source is so far
sufficiently large to neglect the frequency noise introduced
by the Raman fiber amplification stage. We also observe
the presence of low-frequency noise (10 dB at 100 Hz,
30 dB at 5 kHz with respect to the central emission peak),
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(a) (b) (c)

FIG. 5. (a) The measured in-loop Sν (f ) for the two clock-interferometry lasers at 698 nm and 664 nm for Sr and Cd, respectively:
the equivalent fast linewidths are approximately 10 Hz and approximately 2 Hz, respectively. (b) The free-running RIN of the two
clock-interferometry lasers. (c) The relative interferometer sensitivity as a function of LMT for the developed laser sources with
τ = 1 μs and T = 100 ms and �Sr/2π = 1.7 kHz and �Cd/2π = 740 Hz. In all of the plots, the dashed red lines are for Sr and the
solid purple lines are for Cd.

to which this second stabilization stage is directed. We
use the same cavity and setup as for the Sr laser, with
the only difference being a reduction in cavity finesse to
F664 = 1.3 × 105, as measured by the ring-down method.
The PDH error signal is split and the low-frequency com-
ponent is sent to the PZT of the prestabilization cavity to
compensate drifts. An acousto-optical modulator (AOM),
in single pass on the visible SHG, is used for higher fre-
quencies up to around 50 kHz. The AOM is also used to
additionally stabilize the intensity and reduce the ampli-
tude noise added by the amplification stage [16]. With this
method, the in-loop measured linewidth is 2 Hz at 664 nm,
which corresponds to around 8 Hz after the doubling stage
to the UV [Fig. 5(a)]. This value represents the lower limit
for the linewidth, although the main noise contribution of
the doubling stage should be frequency-to-amplitude con-
version. Direct experimental validation of the linewidth or
stabilization at 332 nm itself would require an evacuated
high-finesse cavity in the UV regime, for which the pro-
duction of the necessary substrates and coatings remains
an active area of research [40].

Finally, the radiation at 664 nm is coupled (through a
T = 1.5% input mirror) into a commercial bow-tie opti-
cal cavity, specifically designed for the application [37]. A
production of UV power up to 1.2 W is achieved, which
matches well with the expected values for the measured
finesse FBBO = 323 ± 3 and the nonlinear conversion
coefficient Enl = 1.21 × 10−4 calculated from the nominal
system parameters [41]. The RIN of the UV [Fig. 5(b)] is
kept low (approximately −90 dBc/Hz for 10–105 Hz) by
the AOM stabilization stage and by passively shielding the
BBO cavity to reduce acoustic resonances and no further
active stabilization is required.

The measured intensity and frequency noise of these
laser sources can be used to analyze their expected per-
formance in a LMT clock atom interferometer. We input
these measured values into Eq. (2) and integrate in the

measurement range of 1–105 Hz. Inputting the measured
RIN values for our two laser sources [Fig. 5(b)] gives
single-pulse fidelities of Fπ > 0.9999 for �R < 106 rad/s
in both cases, suggesting that the RIN will pose negligi-
ble problems as expected. To instead estimate the effect
of the frequency noise, however, we first fix the expected
Rabi frequency to a reasonable value given our state-of-
the-art laser powers. For a Gaussian beam radius of 5 mm,
which is well below the maximum permissible size to keep
the intensity ripple at the 1% level for diffraction from the
standard DN100CF viewports that are to be employed [42],
we estimate achievable �R/2π values of 1.7 kHz and 740
Hz for the Sr and Cd sources, respectively. We use these
Rabi frequencies to estimate optimal LMT parameters of
nSr ∼ 100 and nCd ∼ 10 for Sr and Cd, respectively
[Fig. 5(c)], based on the measured frequency noise
[Fig. 5(a)] and T = 100 ms, which is a reasonable interfer-
ometry time for our proposed experiments [15]. In the case
of Sr, in principle, such a LMT-based enhancement in per-
formance represents an improvement upon what has previ-
ously been demonstrated with clock-atom-interferometry
schemes [3].

V. CONCLUSION AND OUTLOOK

We provide a novel general analysis for the noise
requirements for a system to perform LMT clock atom
interferometry with a standard pulse sequence by inves-
tigating the operational fidelity in the single-atom case.
These analyses show the challenging nature of proposed
long-baseline experiments for, e.g., gravitational wave
detection and the difficulties in performing clock atom
interferometry with LMT parameters up to 104�k. In order
to fully understand the effect on interferometer perfor-
mance, especially in a gradiometer configuration where
some common-mode noise cancellation may persist, it
would be necessary to extend the above calculations to
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a full quantum simulation incorporating parameters such
as the atom-cloud temperature and spatial spread, loss
mechanisms, and the external degrees of freedom of the
system. Nevertheless, the outlined formalism will be use-
ful for determining the interferometry laser requirements
for the future experiments both on Earth [11,12] and in
space [9,10] which seek to use clock atom interferom-
etry to perform fundamental physics experiments. The
maintenance of contrast and visibility is also crucial for
achieving metrological gain in experiments that seek to use
squeezing to go below the quantum projection noise limit
[43,44].

The analysis presented above further focuses solely on
square pulses and we note that it is possible to enhance
π -pulse population transfer efficiency by techniques such
as adiabatic rapid passage [45,46] or composite pulses
[47,48], which can further be optimized by pulse shaping
[49–51]. Alternative schemes, such as using the 1S0–3P1
transition for the LMT portion of the interferometer [3],
using Floquet atom optics [52], or using a cavity to
enhance the optical power and increase the Rabi frequency
[33], have also previously been discussed and may help
to circumnavigate some of these problems. Trapped-atom
configurations that use Bloch oscillations to enhance the
interferometry sensitivity may also offer a route toward a
solution [53–55]. In all cases, however, our analysis sug-
gests that the noise of the interferometry laser will play
an important role and should not be discounted but, rather,
integrated into these approaches.

Within this operational-fidelity framework, we present
and analyze two laser systems suitable for performing
clock atom interferometry—one for the 698-nm transition
of Sr and one for the 332-nm transition of Cd—possessing
the required characteristics of high power, low RIN, and
an approximately hertz-level linewidth. In the case of the
332-nm laser, we establish the capability to produce high-
coherence and high-power light in the UV by frequency
quadrupling and amplifying an ECDL at 1328 nm. These
lasers will be implemented in a dual-species atom inter-
ferometer, with potential applications to tests of the weak
equivalence principle and quantum time dilation [15].
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APPENDIX: FILTER-FUNCTION CALCULATION

The filter transfer function F(ω) is calculated according
to the procedure outlined in [17], briefly summarized here.
The transfer function results from the norm of the control

matrix, generally introduced to describe the effect that laser
noise sources, such as phase and intensity noise, have on
the fidelity of a quantum operation. The loss of fidelity of
a quantum operation is in fact proportional to the integral
of the noise spectrum describing the radiation that induces
the operation, averaged through the function F(ω)/ω2

[Eq. (2)]. In the particular case of dephasing noise, the
control matrix is reduced to a three-dimensional row vector
(�R (ω)), the squared norm of which gives F(ω):

F(ω) = ∣∣�R (ω)
∣∣2

. (A1)

The control vector �R (ω) for a sequence of pulses is
calculated according to the formula

�R (ω) =
∑

l=1,...,N

eiωtl−1 �RPl (ω) (l−1), (A2)

where the row vector �RPl (ω) is introduced and (l−1)

indicates a component, which is a matrix, of the � vector.
In this case of dephasing noise and for a piecewise

defined control sequence, RPl
i (ω) is given by

RPl
i (ω) = ω

ω2 − �R
2

{
δzi

(
i�l

Rgl (ω) − ωfl (ω)
)

+ 1
2

(
�l

Rfl (ω) − iωgl (ω)
)

Tr
(
σφlσzσi

) }
,

(A3)

where

fl(ω) = cos
(
�l

R (tl − tl−1)
)
eiω(tl−tl−1) − 1, (A4a)

gl(ω) = sin
(
�l

R (tl − tl−1)
)
eiω(tl−tl−1), (A4b)

σφl = σx cos φl + σy sin φl, (A4c)

in which δij is the Kronecker delta function and σi denotes
the usual Pauli matrices, with i = x, y, z.

The coefficients of the matrix l are then calculated
according to

l
ij = 1

2
Tr

(
Q†

l−1σiQl−1σj

)
, (A5a)

Ql = PlPl−1 . . . P1, (A5b)

Pl = exp
(

− i
2
�l

R (tl − tl−1) σφl

)
, (A5c)

where the cumulative matrices Ql are introduced and Pl is
the propagator of the lth operation of a quantum sequence.
Observe that for the case l = 0, Q0 = P0 = I .
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The calculation of the transfer function therefore
requires the definition of a chain of N operations (l =
1, . . . , N ) of pseudorotation, sequenced through a vector
of operation times �t = {tl | l = 1, . . . , N }, a vector of Rabi
frequencies {�l

R}, describing the amplitudes of the rota-
tions, and a vector of azimuthal angles {φl} describing the
axes of the rotations, with φ = 0 for a rotation about the
x axis and φ = π for a counterpropagating beam. For the
case of free propagation, �l

R = 0 and Pl = I .
The required sum on l described in Eq. (A2) requires

the calculation of N functions, each obtained by perform-
ing the calculation described by Eqs. (A3)–(A5) relative to
step l, which must be iterated for values l = 1, . . . , N .
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and M. D. Lukin, High-Fidelity Control and Entanglement
of Rydberg-Atom Qubits, Phys. Rev. Lett. 121, 123603
(2018).

[25] E. Knill, Quantum computing with realistically noisy
devices, Nature 434, 39 (2005).

[26] J. P. Gaebler, T. R. Tan, Y. Lin, Y. Wan, R. Bowler, A. C.
Keith, S. Glancy, K. Coakley, E. Knill, D. Leibfried, and D.
J. Wineland, High-Fidelity Universal Gate Set for 9Be+ Ion
Qubits, Phys. Rev. Lett. 117, 060505 (2016).

[27] M. L. Day, P. J. Low, B. M. White, R. Islam, and C.
Senko, Limits on atomic qubit control from laser noise, npj
Quantum Inf. 8, 72 (2022).

[28] D. G. Matei, T. Legero, S. Häfner, C. Grebing, R. Weyrich,
W. Zhang, L. Sonderhouse, J. M. Robinson, J. Ye, F. Riehle,
and U. Sterr, 1.5 μm Lasers with Sub-10 mHz Linewidth,
Phys. Rev. Lett. 118, 263202 (2017).

030348-9

https://doi.org/10.1103/PhysRevLett.119.263601
https://doi.org/10.1088/1361-6382/ab4d18
https://doi.org/10.1103/PhysRevLett.124.083604
https://doi.org/10.1126/sciadv.aax8966
https://doi.org/10.1103/PhysRevX.10.021014
https://doi.org/10.1038/ncomms15529
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1103/PhysRevLett.110.171102
https://doi.org/10.1140/epjd/e2019-100324-6
https://doi.org/10.1140/epjqt/s40507-020-0080-0
https://doi.org/10.1088/1475-7516/2020/05/011
https://doi.org/10.1088/2058-9565/abf719
https://doi.org/10.1140/epjd/e2007-00218-2
https://doi.org/10.1088/1367-2630/14/2/023009
https://doi.org/10.1117/12.2616918
https://doi.org/10.1364/OL.457979
https://doi.org/10.1088/1367-2630/15/9/095004
https://doi.org/10.1088/1367-2630/13/6/065025
https://doi.org/10.1103/PhysRevA.91.053616
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1103/PhysRevLett.117.163003
https://doi.org/10.1007/s00340-018-6955-4
https://doi.org/10.1038/npjqi.2016.33
https://doi.org/10.1103/PhysRevLett.121.123603
https://doi.org/10.1038/nature03350
https://doi.org/10.1103/PhysRevLett.117.060505
https://doi.org/10.1038/s41534-022-00586-4
https://doi.org/10.1103/PhysRevLett.118.263202


MAURO CHIAROTTI et al. PRX QUANTUM 3, 030348 (2022)

[29] W. Zhang, J. M. Robinson, L. Sonderhouse, E. Oelker, C.
Benko, J. L. Hall, T. Legero, D. G. Matei, F. Riehle, U.
Sterr, and J. Ye, Ultrastable Silicon Cavity in a Continu-
ously Operating Closed-Cycle Cryostat at 4 K, Phys. Rev.
Lett. 119, 243601 (2017).

[30] P. Cheinet, B. Canuel, F. Pereira Dos Santos, A. Gauguet,
F. Yver-Leduc, and A. Landragin, Measurement of the sen-
sitivity function in a time-domain atomic interferometer,
IEEE Trans. Instrum. Meas. 57, 1141 (2008).

[31] J. Le Gouët, T. Mehlstäubler, J. Kim, S. Merlet, A. Clairon,
A. Landragin, and F. Pereira Dos Santos, Limits to the sen-
sitivity of a low noise compact atomic gravimeter, Appl.
Phys. B 92, 133 (2008).

[32] B. Décamps, M. Bordoux, J. Alibert, B. Allard, and A.
Gauguet, Phase response of atom interferometers based on
sequential Bragg diffractions, J. Phys. B: At., Mol. Opt.
Phys. 52, 015003 (2019).

[33] R. Nourshargh, S. Lellouch, S. Hedges, M. Langlois,
K. Bongs, and M. Holynski, Circulating pulse cav-
ity enhancement as a method for extreme momentum
transfer atom interferometry, Commun. Phys. 4, 257
(2021).

[34] G. D. Domenico, S. Schilt, and P. Thomann, Simple
approach to the relation between laser frequency noise and
laser line shape, Appl. Opt. 49, 4801 (2010).

[35] M. G. Tarallo, N. Poli, M. Schioppo, D. Sutyrin, and G.
M. Tino, A high-stability semiconductor laser system for a
88Sr-based optical lattice clock, Appl. Phys. B: Lasers Opt.
103, 17 (2011).

[36] R. Drever, J. Hall, F. Kowalski, J. Hough, G. Ford, A.
Munley, and H. Ward, Laser phase and frequency stabi-
lization using an optical resonator, Appl. Phys. B 31, 97
(1983).

[37] S. Hannig, J. Mielke, J. A. Fenske, M. Misera, N. Beev,
C. Ospelkaus, and P. O. Schmidt, A highly stable mono-
lithic enhancement cavity for second harmonic genera-
tion in the ultraviolet, Rev. Sci. Instrum. 89, 013106
(2018).

[38] T. Hansch and B. Couillaud, Laser frequency stabiliza-
tion by polarization spectroscopy of a reflecting reference
cavity, Opt. Commun. 35, 441 (1980).

[39] Ch. Salomon, D. Hils, and J. L. Hall, Laser stabiliza-
tion at the millihertz level, J. Opt. Soc. Am. B 5, 1576
(1988).

[40] Z. Burkley, L. de Sousa Borges, B. Ohayon, A. Golovizin,
J. Zhang, and P. Crivelli, Stable high power deep-UV
enhancement cavity in ultra-high vacuum with fluoride
coatings, Opt. Express 29, 27450 (2021).

[41] M. Pizzocaro, D. Calonico, P. C. Pastor, J. Catani, G.
A. Costanzo, F. Levi, and L. Lorini, Efficient frequency
doubling at 399 nm, Appl. Opt. 53, 3388 (2014).

[42] A. E. Siegman, Lasers (University Science Books, Sausal-
ito, California, 1986).

[43] E. Pedrozo-Peñafiel, S. Colombo, C. Shu, A. F. Adiyatullin,
Z. Li, E. Mendez, B. Braverman, A. Kawasaki, D. Aka-
matsu, Y. Xiao, and V. Vuletić, Entanglement on an optical
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