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Experiments involving optical traps often require careful control of the ac Stark shifts induced by strong
confining light fields. By carefully balancing light shifts between two atomic states of interest, optical traps
at the magic wavelength have been especially effective at suppressing deleterious effects stemming from
such shifts. Highlighting the power of this technique, optical clocks today exploit Lamb-Dicke confine-
ment in magic-wavelength optical traps, in some cases realizing shift cancelation at the ten parts per
billion level. Theory and empirical measurements can be used at varying levels of precision to deter-
mine the magic wavelength where shift cancelation occurs. However, lasers exhibit background spectra
from amplified spontaneous emission or other lasing modes that can easily contaminate measurement of
the magic wavelength and its reproducibility in other experiments or conditions. Indeed, residual light
shifts from laser background have plagued optical lattice clock measurements for years. In this work, we
develop a simple theoretical model allowing prediction of light shifts from measured background spec-
tra. We demonstrate good agreement between this model and measurements of the background light shift
from an amplified diode laser in a Yb optical lattice clock. Additionally, we model and experimentally
characterize the filtering effect of a volume Bragg grating bandpass filter, demonstrating that application
of the filter can reduce background light shifts from amplified spontaneous emission well below the 10~'8
fractional clock frequency level. This demonstration is corroborated by direct clock comparisons between

a filtered amplified diode laser and a filtered titanium:sapphire laser.

DOL: 10.1103/PhysRevApplied.15.044016

I. INTRODUCTION

Optical traps allow for strong confinement of atomic
systems, finding a multitude of applications in atomic
clocks [1], quantum simulation [2], and quantum infor-
mation [3]. However, the ac Stark interaction induced
by the trapping laser generally leads to undesired shifts,
broadening, and decoherence mechanisms that otherwise
compromise precise measurement or control of the atomic
system. Many of these effects can be reduced with an
optical trap operating at a magic wavelength, where two
electronic states of interest are shifted equally and the
transition energy between them remains unperturbed. This
technique has achieved dramatic success for precision
spectroscopy in optical clocks based on optical lattices
[4-8] or optical tweezers [9]. Semiempirical and ab ini-
tio models can reasonably predict the existence and value
of a magic wavelength for a given atomic system [10,11].
Later, more precise determination of the magic wave-
length is afforded by empirical measurement and enhanced
theoretical models, with care required in accounting for
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higher-order shifts from the light field [12—18]. However,
experimental determinations of the magic wavelength are
strictly applicable only to the laser utilized in a particular
experimental apparatus. This is because real laser systems
exhibit background spectral content away from the magic
wavelength due to effects such as amplified spontaneous
emission (ASE) or multimode lasing. Such a spectrum can
introduce a large and potentially fluctuating Stark shift that
is generally difficult to characterize or control, yielding a
significant shift in the wavelength at which zero differential
light shift is observed compared to an ideal, background-
free laser system. Moreover, this shift would vary with
experimental conditions, such as laser and optical systems
employed. Additionally, such shifts may not be detected
in internal clock comparisons that share an optical lattice
laser, leading to surprising results when clocks in different
laboratories are compared.

This caution is especially relevant to diode laser systems
that employ tapered amplifiers (TAs), whose large, broad-
band ASE spectra have caused experimental challenges for
clock operation [19-22]. Indeed, background-induced light
shifts at the hertz level (107! fraction of the clock fre-
quency) or much higher are easily possible. There have
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been various attempts to mitigate ASE effects through
amplifier optimization [23,24], spatial filtering with opti-
cal fibers [25,26], or spectral filtering using volume Bragg
gratings [15,21], Fabry-Perot etalons [27], or absorption
cells [28]. For an additional review of the origins and
consequences of ASE, as well as an in-depth investiga-
tion of several strategies for ASE characterization, see
Ref. [23]. Despite these efforts, the risk of lingering Stark
shifts is often sufficiently great that current best practice
is to employ filtered titanium:sapphire (Ti:S) lasers for the
optical trap, benefiting from the significantly weaker spec-
tral background. Nevertheless, the measurement of optical
spectral purity of any laser can be challenging at the levels
required for optical clocks today and in the future. Here we
present a detailed measurement of a laser spectrum across
eight decades of frequency, offering a rigorous evaluation
of residual light shifts stemming from the laser background
and supporting optical clock performance well beyond the
current state of the art. Furthermore, we show that, with
appropriate precautions, amplified diode systems can be
employed in optical clocks while still limiting residual
light shifts to below the 10~!8 fractional frequency level.
This is especially relevant for the many scientific and tech-
nological applications requiring fieldable or portable opti-
cal clocks and experiments [21,29], including space-based
optical clocks [30], where the reduced size, weight, power
consumption, and complexity of diode lasers relative to
Ti:S systems are appealing.

In Sec. II of this work, we provide a simple theoreti-
cal model to predict light shifts from observed background
spectra. We apply this model to predict large shifts aris-
ing from an amplified diode laser, finding good agreement
with direct atomic measurements in a Yb optical lattice
clock. In Sec. IlI, we provide a brief overview and exper-
imental measurements of spectral filtering using volume
Bragg gratings. The characterized ASE spectra are used
in conjunction with the measured grating transfer func-
tion to predict a residual background light shift of 8 x
1072 under typical experimental conditions. In Sec. IV,
we assess the uncertainty in this estimate arising from
several effects such as optical characterization limits and
fluctuating shifts, conservatively constraining its magni-
tude to 5 x 1072°. Finally, in Sec. V, we corroborate this
uncertainty with a direct atomic measurement of the fil-
tered background light shift, constraining it at or below the
1 x 1071 level.

II. BACKGROUND LIGHT SHIFTS

We assume that the laser spectrum can be described by
two components: a spectrally narrow “carrier” containing
power P at a frequency vy, and a broadband background
described by the power spectral density S(v). Considering
only effects from electric dipole polarizability, light shifts

from the two components can be expressed as
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where Aa(v) = o) (V) — o g (v) is the differential polar-
izability between the two clock states, € is the permittivity
of free space, 4 is Planck’s constant, c is the speed of light
in vacuum, and wy is the beam diameter at 1/¢? intensity.
Typically, vy,p is chosen to be the magic frequency Vmagic
such that the shift given in Eq. (1) vanishes. The factor
W(v) in Eq. (2) arises due to dephasing of the ASE relative
to the standing wave of the optical lattice and is discussed
in the Appendix. This weighting factor converges to 1
at vV = Vmagic and oscillates around 1/2 elsewhere. As the
divergence from 1/2 is only significant near the magic
wavelength, where the differential polarizability is small,
we assume that W(v) = 1/2 for all calculations.

The E1 polarizabilities of the ground and excited states
can be calculated using known atomic state parameters:
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with the sum taken over all intermediate states coupled to
the state of interest and j representing either the ground
or excited state. Here, I';;, fj;, and vj; are the linewidth,
branching ratio, and frequency of the transition from the
ground state |g) or the excited state |e) to the intermediate
state |i).

For the carrier at the magic wavelength, it is conve-
nient to define a dimensionless trap depth given by a
ratio relative to the photon recoil energy of the lattice
laser, E, = h*vg,,/2mc*. The dimensionless trap depth
parameter can be experimentally determined with motional
sideband spectroscopy:

U= ——5—
eoctwyk,

hv, 2
O‘(Vmagic) = <2E ) s (4)

where v, is the longitudinal trap frequency. The fractional
background shift per unit frequency, or shift spectral den-
sity, can be expressed as the product of dimensionless
parameters separately describing the trap, the background
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FIG. 1. Optical spectrum analyzer measurements of back-

ground spectra of the Ti:S and TA systems as a function of
detuning relative to the magic wavelength. Near the peak, the
achievable resolution is limited by the optical rejection of the
OSA, shown in the inset.

spectrum, and the atomic response, yielding a total shift
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and S(v) = S(v)/P is the background power spectral den-
sity relative to the peak power.

Using an optical spectrum analyzer (OSA), we measure
the background spectra of a Ti:S and diode-seeded tapered
amplifier (Fig. 1) [31]. The Ti:S exhibits spectral purity
down to the noise floor of the measurement, while the TA
possesses an evident broadband background spectrum that
is well fit by a Gaussian model,

B 2
(v — vasg) ] 7

S(v) = Spexp |: 20§SE
The parameters of this profile, and thus the resulting back-
ground light shift, can be tuned with the amplifier current
and temperature. Except where specified otherwise, all
measurements in this work are taken at an operational
setpoint of 3210 mA and 20 °C, at which the spec-
trum is described by vaAsE = Vmagic — 2.8 THz, S = 4.7 x
107" Hz™!, and oasg = 2.1 THz.

Together with this empirically observed Gaussian pro-
file, we can obtain a closed-form estimate of the shift from
Eq. (5) by making a linear approximation of the differential

polarizability as

dAd;
= —El(V - Vmagic) (8

with dAaj, /dv = 4.5(3) x 10726 Hz~! [15]. This approx-
imation agrees with Eq. (6) to better than 5% within
the typical full widths at half maximum of ASE spectra
observed in this work. Under these two approximations,
the shift is

AVclock [m dAo), ~
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With this expression, the fractional light shift can be esti-
mated based on spectral measurements of the ASE profile.
Notably, the shift scales as the product of the amplitude,
width, and peak detuning of the ASE spectrum. For gen-
eral non-Gaussian background spectra, the fractional shift
can instead be evaluated numerically.

To validate our simple model given by Eq. (5), we
undertake a series of shift measurements while varying the
amplifier current and temperature in a Yb optical lattice
clock [32]. These measurements interleaved (i) generating
the optical lattice with the TA versus (ii) an approximately
background-free Ti:S at the same laser frequency, the latter
of which is filtered by a volume Bragg grating bandpass
filter with a 26 GHz bandwidth. The lattice intensity is
controlled with feedback to acousto-optic modulators for
each laser using a common photodetector signal and con-
trol electronics. The TA is phase locked to the Ti:S, which
itself is referenced to a stable optical cavity. A liquid
crystal waveplate and polarizer is used to select between
the two lasers, and the inactive beam is further attenu-
ated by switching off the rf drive from an acousto-optic
modulator in that beam’s path. The active beam is cou-
pled into a single optical fiber and delivered to the atomic
system, passing through a polarizing beam splitter to pro-
vide linearly polarized light for the trap. This configuration
ensured that the optical lattices formed by the two lasers
had equal frequency, intensity, polarization, and spatial
geometry. Furthermore, atomic cold collision shifts, which
can substantially complicate lattice shift characterization
[18], are suppressed in common mode due to the identical
lattice conditions in the two cases. The experimental setup
is shown in Fig. 6(a), except with the volume Bragg grating
in the TA beam path removed.

At each amplifier current and temperature, we addition-
ally measured the ASE profile with an optical spectrum
analyzer and extracted characteristic parameters with a
Gaussian fit. Through motional sideband spectroscopy, the
trap depth is assessed to be U = 53. In calculating the
shift, the trap depth is also scaled by an experimentally
determined factor of 0.71 to account for thermal averag-
ing of the laser intensity by the motional distribution of
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atoms within the lattice [15]. The background light shift
is predicted from Eq. (9) with an uncertainty given by
standard propagation of error. The predictions are in good
agreement with the measured shifts (Fig. 2), demonstrating
approximately linear dependence of the shift with ampli-
fier current and temperature with slopes of 1.8 x 10713 /A
and 1.6 x 10719 /K, respectively. Therefore, to control the
shift at the 10~'® level, the amplifier current and temper-
ature would need to be stable at the 600 wA and 6 mK
level.

Although this degree of control is practically realiz-
able, previous efforts to characterize and control back-
ground light shifts have noted large time-varying effects
[20,22]. We observed substantial dependence of the shift
on the alignment into the fiber used to deliver light to
the atoms (NKT LMA-PM-15 large-mode-area photonic
crystal fiber). Measurements of the ASE spectrum while
intentionally degrading the alignment showed that signif-
icant spectral distortion could arise, which we attribute to
a wavelength-dependent fiber coupling due to the spatial
mismatch of the ASE and the fiber. This effect is discussed
in greater detail in Sec. IV D.

For the optical clock measurements in Fig. 2, the fiber
pickoff for OSA measurements is located near the atoms,
ensuring that any distortion induced by the photonic crys-
tal fiber could be accounted for in the shift prediction. A
multimode fiber is used to couple light to the OSA, and
we verified that the observed laser spectrum is substan-
tially less sensitive to misalignment than a single-mode
alternative with a 4.5 um core diameter.

While these efforts make it possible to estimate the
resulting background light shift at a given instant, degra-
dation in fiber coupling at the few percent level modifies
the shift by greater than 107'°. In contrast, control of
the amplifier-dependent shifts at the 10~!° level requires
only modest efforts to control the temperature and cur-
rent. Therefore, we find that achieving robust control of
background light shifts is primarily limited by beam point-
ing stability and virtually impossible at the 10~'% level.
Instead, these shifts must be suppressed, such as realized
with spectral filtering below.

III. SPECTRAL FILTERING

Background light shifts can be reduced with optical
bandpass filters centered at the magic wavelength. Various
techniques have achieved passbands with less than 1 nm
bandwidth, including complex prism geometries [33],
atomic vapor filters [34], and various types of reflection
gratings [35,36] (potentially in conjunction with Fabry-
Perot etalons [37]). Because of their relative simplicity and
compact size, we have chosen a volume Bragg grating.
Near normal incidence, the reflection transfer function is

approximately [38]

sinh? ¢ (v)
R(v) = 10
v cosh® ¢ (v) — T (v)?’ (1o
where
2 2
P = 2’”1”\/%— (2-1) v
and
()
Frvy=—(—-1). (12)
n Vv

Here, n; is the index modulation depth and vy is the cen-
ter frequency. Two distinct behaviors are evident in this
transfer function. Near the center frequency (v & vp), the
transfer function is approximately constant and reaches a
peak reflectivity

h2 7le’l11)0

R(vp) = tan (13)

Far from the design frequency, the transfer function
asymptotically varies as

n sin’[d/c(v — vg)]

R e =1

(14)

which is the product of a periodic modulation and a
second-order filter roll-off. The transition point between
the pass and rejection bands occurs where Eq. (11) changes
from real to imaginary, at v = 2vy/(2 £ n;). The band-
width can thus be approximated as Avgw = vyn;. Repre-
sentative values for gratings used in this work are n; =
23 x 107° and d =22 mm, resulting in a theoretical
bandwidth of 9.2 GHz and a peak reflectivity of 94%.
Volume Bragg gratings induce a wavelength-dependent
distortion of the spatial beam profile [38]. To avoid compli-
cated spatially varying shifts in an optical lattice, we clean
the beam profile with a single-mode optical fiber between
the grating and the atoms. The actual transfer function
is therefore the product of the spectral selectivity of the
grating with the distortion-induced coupling losses of the
fiber. This combined transfer function is experimentally
characterized by measuring the reflected and subsequently
fiber-coupled power from a Ti:S beam incident on the
grating while varying the Ti:S frequency over several tera-
hertz (Fig. 3). By adjusting the collimation of the incident
beam, a peak in-band reflectivity of 98% is achieved. The
observed transfer function has a 20 dB/decade roll-off out-
side of an 11.5 GHz passband. The asymmetric ripples
arise due to fiber coupling losses from beam distortion,
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FIG. 2. Comparison of measured light shifts with predictions based on spectral characterization while varying (a) amplifier current
and (b) amplifier temperature. The error bars represent 1o uncertainties given by the Allan deviation of the frequency difference
between the TA and Ti:S. Uncertainties in predicted points are computed with standard propagation of error techniques based on
uncertainties in the Gaussian model parameters, differential polarizability, and an assumed 5% uncertainty in trap depth.

while the characteristic modulation given by the idealized
numerator of Eq. (14) is absent.

The light shift from the filtered background spectrum
can be estimated by applying the filter transfer function
(10) to the ASE profile (7) and numerically integrating
the shift spectral density (5); we treat the experimentally
observed departures from the theoretical transfer function
as an uncertainty in Sec. IV. For typical operating parame-
ters of 3210 mA amplifier current and 20 °C temperature,
the predicted shift is 8 x 102! for the experimental trap
depth U = 53, including the thermal averaging factor of
0.71. We note that another recent work has estimated ASE
light shifts below the 10~ level using a volume Bragg
grating (VBG) bandpass filter with 35 pm bandwidth in
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FIG. 3. Volume Bragg grating transfer function, measured by
varying the Ti:S frequency and measuring the reflected power.
Positive detuning is shown in blue and negative in red. The
theoretical profile is shown with light dashed lines.

combination with a cavity with 6 MHz linewidth [29]. In
either case, as discussed below, these calculations rely on
a number of assumptions that must be verified to ensure
reliable shift suppression at the predicted levels.

IV. SHIFT ESTIMATE UNCERTAINTY

While the theoretical framework outlined in Secs. Il and
I predicts shifts that can be made negligible compared to
the uncertainty budgets of current state-of-the-art clocks,
it relies on several empirically motivated assumptions and
is potentially vulnerable to fluctuating systematic effects.
In this section, we analyze these assumptions and effects
to determine a conservative upper bound on the back-
ground light shift during normal operating conditions. All
uncertainties are presented for the experimental trap depth
U = 53, as described in Sec. II.

A. Near-carrier spectrum

Within 100 GHz of the magic wavelength, our ability to
resolve the spectrum is limited by the filter shape and opti-
cal rejection ratio of the optical spectrum analyzer. This
limitation is referred to as the “close-in dynamic range,”
which is specified to be 60 dB at £0.5 nm from a spec-
tral peak for the OSA used in these measurements. This
prevents direct observation of the background spectrum,
potentially concealing strong spectral features associated
with deviations from the Gaussian ASE profile or other las-
ing modes. Additionally, it could obscure any interaction
between the coherent lasing carrier and the ASE back-
ground, which would otherwise challenge the assumption
that they can be treated separately. These phenomena are
especially worrying due to their proximity to the VBG fil-
ter passband, as any shifts in this region may persist even
after filtering.
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To highlight the need for caution here, we calculate
the expected light shift from one side of the OSA spec-
trum (red detuning) observed in the inset of Fig. 1, rather
than using the Gaussian model. For the case of the Ti:S
laser, without the VBG filter, we find a shift estimate of
4 x 10715, After application of the filter, the remaining
shift is still 6 x 107!, Spectral characterizations using the
OSA are therefore insufficient to confidently constrain the
background light shifts below the 10~'® level, even for the
spectrally pure case of the Ti:S laser.

To improve the spectral characterization close to the
carrier and thus tighten these constraints, we made an opti-
cal heterodyne measurement between the TA and Ti:S.
The two beams are overlapped and directed onto a fiber-
coupled detector and the beat signal is measured with a rf
signal analyzer. Measurements are made in the heterodyne
frequency range of 250 MHz to 4 GHz, while the Ti:S fre-
quency is stepped in several gigahertz intervals to facilitate
measurement out to 100 GHz offset from the TA car-
rier. Spurious spectral components corresponding to the
complex-conjugate Fourier ambiguity are removed using
an image-rejection algorithm. For each nominal detuning
in the scan, the relative frequency is varied by approxi-
mately £100 MHz while several traces are recorded. When
these traces are overlaid on a common frequency axis,
the “real” signal overlap, while the negative-frequency
components vary in apparent frequency, allowing them
to be identified and removed. As the heterodyne mea-
surements are unable to differentiate between broadband
features such as ASE at positive and negative heterodyne
frequencies, we note that the ASE power is conserva-
tively overestimated by 6 dB in the range below 100 GHz
detuning.

A number of noise processes potentially contribute to
the heterodyne measurement sensitivity. Thermal fluctua-
tions (Johnson-Nyquist noise) yield a noise power kzTB
for a measurement bandwidth B, resulting in a noise floor
of —114 dBm/MHz at room temperature. Additionally,
our electronic signal analyzer has a noise floor at —95
dBm/MHz. Another significant noise source is photoelec-
tric shot noise. Consider a photodiode with responsivity R,
terminating resistance R, and an additional power gain of
G. In terms of the optical powers of each beam, Prp and
Pri.s, the shot noise is P, = 2e R (Pra + Pri-s)RGB, while
the signal power is P, = 2R?PraPrisRG. The resulting
signal-to-noise ratio is

P, R PraPris
8P,  eBPra + Pris

(15)

Since we measure the electronic power spectral density,
rather than the total electronic power, the relevant band-
width in this calculation is the resolution bandwidth of
the signal analyzer, which is chosen to be several orders
of magnitude smaller than the photodiode bandwidth.

As long as shot-noise-limited performance is achieved in
spite of other noise processes in the measurement system,
the photodiode bandwidth only determines the spectral
span accessible at a single choice of Ti:S laser detuning;
therefore, the product of the responsivity and the linear-
ity threshold is the figure of merit for the photodiode.
For these measurements, we use an (In,Ga)As photodi-
ode (Discovery Semiconductors xHLPD) with 0.25 A/W
responsivity, 4 GHz bandwidth, and a linearity threshold
of around 100 mW, achieving a shot noise floor of —94
dBm/MHz.

In Fig. 4(a), we combine OSA and heterodyne data to
show the spectrum over eight decades of frequency range,
from hundreds of kilohertz to tens of terahertz offset from
the magic wavelength for !’ Yb. We note that, although the
heterodyne measurement is able to constrain background
light much better than the OSA (by up to 5 orders of
magnitude for detunings less than 100 GHz), shot noise
still prevents direct observation of the ASE profile in this
region as interpolated by the Gaussian fit [39].

Using Eq. (5), we compute an upper bound on the shift
spectral density, and determine the cumulative shift by
integrating the shift spectral density outwards from the
magic wavelength, shown in Fig. 4(b). The VBG filter
limits the region where the shift spectral density is large
enough to cause appreciable shifts, causing convergence
of the cumulative shift near the edge of the passband. Our
upper bounds on the shift established by this composite
spectrum are 6 x 10~!3 without the filter and 1.4 x 10~1°
filtered. In the filtered case, a notable limitation is the
presence of spectral features detuned from the carrier at
multiples of 3.5 GHz, corresponding to other longitudinal
modes of the seed laser. While there is partial cancelation
of red- and blue-detuned features, we use the one-sided
estimate as an upper bound, noting that the shift resulting
from these peaks is around the 107! level after filtering.
Similar features are observed on the Ti:S spectrum, result-
ing in one-sided shifts at the 1072° level. The dominance
of these features relative to the overall constraints high-
lights the importance of careful spectral characterization
within the filter passband, which is beyond the limits of
typical optical spectrum analyzers. Even without a separate
laser for heterodyne characterization, monitoring the self-
beating near-carrier spectrum on a high-bandwidth photo-
diode may be sufficient to detect multimode operation at
the level required for 10~ uncertainty.

B. Model extrapolation error

The range over which the ASE profile is observable
is limited to approximately +10 THz by the noise floor
of the OSA (—80 dBm). The assumption of Gaussian
ASE profiles is empirically supported, but extrapolation
below the noise floor of the OSA is questionable, as devi-
ations from the assumed Gaussian profile or the observed
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(a) Composite spectral measurement of the tapered amplifier system, obtained from three different measurements: a

420 MHz heterodyne measurement with 200 kHz resolution bandwidth (RBW), a £100 GHz heterodyne measurement with 5 MHz
RBW, and a =10 nm optical spectrum analyzer measurement with 20 pm RBW. Black dashed lines mark the boundaries of the three
measurements. The power spectral density normalized to the carrier power is plotted against the absolute value of the detuning from
the magic-wavelength carrier, with blue (red) showing spectral content at higher (lower) frequencies than the magic wavelength. The
dash-dot line shows a Gaussian fit to the ASE profile measured by the OSA. (b) Cumulative shift upper bound, calculated by inte-
grating the shift spectral density from the composite spectrum from the magic wavelength to a variable frequency. The filtered shift
spectral density is calculated using the measured VBG transfer function in Fig. 3.

VBG transfer function could modify the shift. To deter-
mine a conservative upper bound on the shift due to
spectral content below the OSA noise floor, we assume
a constant power spectral density at the noise floor and
integrate from the magic wavelength to the edge of our
mirror transmission window at 273 THz, again neglect-
ing partial cancelation from the opposite detuning. We
additionally assume that the VBG transfer function is con-
stant at —70 dB within the range, neglecting increased
attenuation below the noise floor of Fig. 3. This yields a
constraint of —8 x 107! for the unfiltered spectrum and
—2 x 1072 with the filter applied. These constraints could
be further tightened by employing a multipass Bragg filter
[40] to more strongly attenuate light outside the pass-
band, or by improving the signal-to-noise ratio of the
characterizations of the laser spectrum or VBG transfer
function.

We also observe that the Gaussian model falls off
slightly faster than the observed ASE profile far from the
peak (Fig. 1). By directly integrating the observed pro-
file, we determine that this contributes an error of less

than 5% to the unfiltered shift estimate. This model error
therefore contributes negligibly when the bandpass filter is
employed.

C. Grating transfer function

For the purpose of simple numerical evaluation of
the shift, the analytical bandpass transfer function (10)
is used. However, realistic optical bandpass filters can
diverge from the theoretical plane-wave transfer function
(10) due to the effects of finite beams [38], nonmonochro-
matic Gaussian beams with imperfect collimation [41], or
potentially the non-Gaussian beam profile characteristic of
tapered amplifiers. We note that the filtered shift has low
sensitivity to errors in the determination of the filter band-
width—doubling the bandwidth would still produce a shift
of only —3 x 1072°, We take this value as an upper bound
associated with the grating transfer function. Addition-
ally, the experimentally characterized reflectivity is used
to compute the upper bound in Sec. IV A, accounting for
deviations from the theoretical profile.
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FIG. 5. (a) ASE spectra (orange) and estimates of the associ-

ated shifts with (orange) and without (orange) spectral filtering
as a function of misalignment. (b) ASE spectra at varying seed
attenuation relative to a nominal seed power of 35 mW. The spec-
tra are processed to remove the carrier and interpolate the missing
ASE spectrum.

Because the center wavelength of a Bragg filter is tun-
able through the angle of incidence of light onto the
grating, angular misalignment due to improper setup or
beam pointing drift results in a wavelength offset of the
passband. We estimate the angular bandwidth of our grat-
ing to be 200 purad [38]. By calculating the shift for varying
center frequency, we find a dependence of 8 x 107! per
GHz. Therefore, detuning to the edge of the passband mod-
ifies the shift by 4 x 1072°. We take this as a conservative
uncertainty on the shift due to filter misalignment.

D. Fiber misalignment

During the unfiltered clock shift measurements in Sec.
I1, it was observed that small changes in fiber alignment
could change the measured shift substantially. To assess
the magnitude of this effect, we experimentally degraded
the fiber alignment using a mirror mount before the fiber
delivering light to the atoms as well as the pickoff for OSA
spectral characterization. We use the relative decrease in
transmitted power to parameterize the misalignment, with
an additional sign factor corresponding to the direction
of actuation of the mirror mount. Using OSA spectra
measured at varying misalignment, we compute the back-
ground light shift with and without the filter. The shifts and
OSA spectra as a function of misalignment are presented
in Fig. 5(a).

TABLE I. Background light shift uncertainty budget.
Effect Uncertainty (x 1072%)
Near-carrier spectrum 4
Model extrapolation error 0.6
Grating transfer function 0.8
Grating misalignment 2
Fiber misalignment 0.02
Seed-amplifier coupling 2
Total 5

Without filtering, the shift is susceptible to fiber mis-
alignment effects at the level of 3 x 107'® per percent
of transmitted power loss. With filtering, this dependence
is suppressed to 4 x 1072* per percent. Therefore, beam
pointing instability contributes negligibly to the uncer-
tainty budget with an assumed worst-case degradation of
10%.

E. Seed-amplifier coupling

The shift could also potentially change with an increase
in relative ASE level due to a degradation of seed-amplifier
coupling. To characterize the sensitivity of this effect, we
attenuated the seed laser with varying neutral density fil-
ters and measured the resulting optical spectrum with an
OSA [Fig. 5(b)]. With 30 dB of seed attenuation, the ASE
level is increased only by a factor of approximately 60.
Noting that seed-amplifier misalignment would result in a
decrease in output power that would be noticed and quickly
corrected, we very conservatively assume a maximum seed
attenuation of 10 dB, producing a shift of —3 x 10720,

F. Total estimated shift uncertainty

Our uncertainty budget encompasses several constraints
based on characterization limitations as well as uncer-
tainty estimates for several time-varying systematics. To
determine the total uncertainty, we model the former case
as uniform distributions truncated at our upper bound
and accordingly compute a standard deviation. The latter
effects are assumed to stem from Gaussian distributions
with 20 widths given by our worst-case estimates. We
report all uncertainties at the 1o level in Table I. The total
uncertainty on the magnitude of the filtered background
light shift, computed as the quadrature sum of individual
effects, is 5 x 1072°, most significantly limited by our abil-
ity to constrain the amplitude of residual spectral content
near the passband. We note that, due to the strong out-
of-band rejection of the filter, even highly conservative
constraints on spectral content below the OSA noise floor
at large detunings exceeding 10 THz do not contribute
substantially to our overall constraints.
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(a) Experimental setup for interleaved clock comparisons. The beams are combined using a polarization beam splitter (PBS)

and half-wave plates (HWP). During each cycle, the active beam is selected using a liquid crystal waveplate (LCW) and a second
PBS. The intensity of the active beam, monitored with a photodetector (PD) behind the lattice retroreflector, is stabilized through the
rf drive power of an acousto-optic modulator (AOM) using a variable attenuator (ATT); a rf switch selecting the active AOM further
attenuates the inactive beam. Each laser is filtered by a VBG; the Ti:S filter has 26 GHz bandwidth, while the TA filter has 11.5 GHz
bandwidth. In the unfiltered measurements in Sec. II, the volume Bragg grating in the TA beam path was replaced with a mirror. (b)
Fractional clock shifts between the filtered TA and reference Ti:S configurations. The blue band shows the 1o confidence region on

the linear fit.

V. DIRECT EXPERIMENTAL VALIDATION

To corroborate our upper bounds on the background
light shift, we measured the filtered shift using the inter-
leaved atomic clock configuration from Sec. II with the
addition of the volume Bragg grating filtering the TA [Fig.
6(a)]. This allows us to compare the background light shift
from the filtered TA laser system relative to the intrinsi-
cally more spectrally pure filtered Ti:S laser system. At an
operational amplifier current of 3210 mA and a temper-
ature of 20 °C, the frequency of the Yb clock transition
is measured while switching between the filtered Ti:S and
filtered TA for a number of trap depths between 50—120

1.01 d=0.1mm
—— d=03mm
0.81 —d=1mm
__ 0.6
>
=
0.4
0.2
0.0 1
-20 -10 0 10 20
Detuning (THz)
FIG. 7. Weighting function due to ASE incoherence relative to

the trap, shown for several different characteristic trap sizes and
a distance D = 1 m.

E, [Fig. 6(b)]. Each measurement is terminated at a sta-
tistical uncertainty near 1 x 107!7 as given by the Allan
deviation extrapolated to the full measurement time. As
before, the influence of cold collision shifts on this mea-
surement are made negligible by operating at a constant,
low atom number density. A weighted linear regression
with zero intercept is used to compare data at different
trap depths and scale to an operational trap depth of 50 E,,
at which we evaluate the shift to be (0.1 & 1.0) x 1078,
The reduced x? of the fit is 1.02, indicating that the scat-
ter of the various measurements are consistent with their
stated uncertainties. Thus, under typical operating condi-
tions, we find that the background light shift of the filtered
TA system is consistent with zero at the 1 x 107!% level.

VI. CONCLUSION

The background spectra of amplified diode lasers can
cause hertz-level or higher shifts of the clock transition in
optical lattice clocks, and therefore these systems are fre-
quently avoided in favor of spectrally pure alternatives like
the Ti:sapphire. In this work, we characterize the back-
ground of an amplified diode laser and estimate that the
shift can be suppressed from greater than 10~!° to a level
of 8 x 1072 for typical experimental conditions with a
volume Bragg grating bandpass filter. We assess several
systematic effects that could either skew our estimates or
cause the shift to vary with time, constraining the shift to
be smaller than 5 x 1072°, This constraint is corroborated
with a direct atomic measurement in a Yb optical lattice
clock, demonstrating a shift consistent with zero at the
1 x 107!8 level. This shift characterization supports use
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of amplified diode lasers within the uncertainty budgets
of state-of-the-art optical lattice clocks, offering an alter-
native to Ti:S systems with lower size, weight, power, and
cost. Furthermore, the methods presented are general for
characterizing background spectra in diverse laser sources,
relevant to applications in precision optical experiments
such as molecular spectroscopy [42], atom interferome-
try [43], quantum computing [28], and gravitational wave
detection [44].
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APPENDIX: ASE SPATIAL AVERAGING

After reflecting from the lattice retroreflector, the ASE
forms a continuum of standing waves that are generally
incoherent with the trap. Therefore, the average ASE inten-
sity experienced by trapped atoms will be reduced. We
estimate this effect by assuming that atoms are trapped in
discrete positions x,, = RAmagic/2 over a spatial distance d.
The ASE intensity at a wavelength X is therefore weighted
by a factor

N/2

W()»):jlv 3 cos’ [%H&A)], (A1)
n=—N/2

where N = 2d / Amagic and

2 =2 D D
¢( )_ H(I_)"magic)

is the differential phase accumulated between the trap and
ASE at x = 0. The round-trip distance between the center
of the optical lattice and the retroreflector is given by D. In
general, the weighting factor oscillates around 1/2 with a
period and decay rate depending on the size of the trap, as
shown in Fig. 7. At the magic wavelength, W(Anagic) = 1,
and thus Eq (2) reduces to Eq (1) for a monochromatic
background spectrum at the magic wavelength, S(v) =
P3(V — Vmagic).
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