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ABSTRACT
Recent advances in the understanding and control of cold atom systems have resulted in devices with extraordinary metrological performance.
To further improve the performance in these systems, additional methods of noise reduction are needed. Here, we examine the noise reduction
possible from vacuum compatible low reflection coatings in cold atom systems by characterizing a black coating and its compatibility in a
Magneto-Optical Trap (MOT). We demonstrate that the commercially available PCO35® coating provides low-reflectivity surfaces that are
ultra-high vacuum compatible. The reflective properties of the coating are compared to titanium, a common vacuum chamber material, and
the reduction to scattered light is characterized over a range of angles and wavelengths. The outgassing properties of the coating are measured
to be less than that of the vacuum system used to test the coating, which is limited to 3 × 10−8 mbar L cm−2 s−1. The coating is applied
to a vacuum chamber housing a rubidium prism MOT, and its vacuum compatibility is assessed and compared to an identical non-coated
system. Finally, the effect of scattered light reduction in a generalized system is explored theoretically. These results show promise for reducing
background light in cold atom experiments via the use of low-reflectivity coatings.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0030041

I. INTRODUCTION

The exceptional performance of cold atom systems has enabled
measurements of the fine structure constant,1 the equivalence prin-
ciple,2 the gravitational constant,3 and the redefinition of the kilo-
gram as part of a watt balance4 and resulted in several proposals
for gravitational wave detection.5–7 In addition, quantum technolo-
gies based on cold atoms have begun to move out of the lab and
into the real world, where they are expected to address a number
of different applications.8–10 Despite this success, there is still scope
to make these devices more sensitive and for even more precise
measurements to be made.

In a cold atom system, one or more photodetectors are often
used to measure light produced by atom fluorescence. Fluctua-
tions in the photodetector signal limit the accuracy of the mea-
surement. There are a number of different sources of fluctuations:
atom shot noise (also known as quantum projection noise), shot
noise associated with signal and background photons, shot noise
on the photodetector dark current, and thermal noise in the pho-
todetector amplifier circuits (Johnson noise). Often, measurements

are taken where the background light level is subtracted; shot
noise fluctuations will cause an increase in the noise when this
subtraction is performed. Background light in cold atom systems
often originates from specular reflections off of vacuum chamber
walls and fluorescence from background atoms. These effects have
been observed to introduce systematic shifts and noise sources,
as well as loss of contrast in many cold atom systems includ-
ing gyroscopes,11,12 clocks,13 and gradiometers.14 Reducing these
noise sources will be particularly important when realizing cur-
rent proposals for cold atom experiments targeting fundamental
physics.15,16 Reducing these noise sources is also important for max-
imizing the sensitivity of portable cold atom sensors utilizing single
beam geometries17 due to the high level of light scattered in these
systems.18,19

The noise arising from scattered laser light can seriously reduce
the signal-to-background and signal-to-noise ratios in detection.
To suppress unwanted scattered light, blackened surfaces are often
used.20–23 Each black coating has different properties, including
varying absorption with wavelength,22,23 ability to be applied to spe-
cific materials, reactivity with certain chemicals, and different levels
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of vacuum compatibility.24–26 The variation in properties between
different blackened coatings makes some coatings better suited for
some applications than others.23

Here, we assess the improvements that in-vacuum anti-
reflection coatings can offer in terms of reducing noise in cold atom
systems and provide the theoretical tools to allow for the expected
benefits to be calculated. To do this, we evaluate a coating’s suit-
ability in terms of its optical properties, for a number of com-
monly used wavelengths, and pressure regimes typically used in
cold atom systems. We then test the properties of the coating in
a Magneto-Optical Trap (MOT), a sub-component that is com-
mon to most cold atom systems, in which we test the chemical
compatibility of the coating with rubidium. We then evaluate the
reduction in noise from background scatter and use this to estimate
the theoretical improvements to a generalized cold atom sensor.
The tests and theory presented provide a tool set to allow for the
potential benefits of low-reflectivity coatings in existing systems to
be evaluated.

II. CHARACTERIZATION OF OPTICAL PROPERTIES
While there are several commercial coatings available, which

potentially could be used, the commercially available PCO35®27

coating has been chosen. The coating is ceramic-like and can be
produced on anodically contacted substrate materials, including alu-
minum, titanium, and magnesium alloys.27 An example of a coated
part can be seen in Fig. 1.

In cold atom systems, background light typically is the result
of light scattered multiple times from different vacuum surfaces and
angles. When attempting to eliminate background light, the relative
positions of the light source, scattering surface, and detector signifi-
cantly affect the relative intensity of scattered light. Surfaces typically
have very different reflectance properties between near normal inci-
dence and near grazing incidence; therefore, optical reflectance is
normally described using the bidirectional reflectance distribution
function24,28 (BRDF) f r(θi, θr , ϕr), given by

f r(θi, θr , ϕr) =
PrD2

PiA cos(θr)
, (1)

where Pr is the reflected laser power, D is the distance between the
sample and the detector, Pi is the incident power on the sample, A is
the area of the detector, θi is the angle of incident light, and θr is the
reflected polar angle [see Fig. 2(a)].

FIG. 1. Titanium cube (left) and coated titanium cube (right).

FIG. 2. The experimental setup for testing the optical properties of the coating. (a)
The coordinate system used for the measurements. The z-axis is the surface nor-
mal. The incident light travels in the x–z plane at angle θi to the normal. Reflected
light is measured at polar angle θr and azimuthal angle ϕr on a detector of area
A with distance D away. (b) The experimental setup used to measure the BRDF
distribution of the samples.

To characterize the reflectance from the samples, shown in
Fig. 1, a laser beam with a 1/e2 beam waist of 0.37 mm was shone
incident on the surface, perpendicular to the axis of rotation of a
turntable sample holder. Both the sample and the detection photo-
diode could be rotated independently about the rotation axis. The
reflected power Pr is measured on the detection photodiode. A 50:50
beam splitter cube is used to split off an amount of light to mon-
itor the laser power Pm incident on the sample, allowing for any
laser source intensity fluctuations to be accounted for. The reflected
intensity was measured by a photodiode that could be rotated inde-
pendently around the axis. The experimental setup can be seen in
Fig. 2(b).

The BRDF results can be seen in Fig. 3. In Fig. 3(b), com-
pared to an uncoated titanium cube, the amount of light reflected
at peak reflection was reduced by a factor of 62. Optical measure-
ments were taken again after ultrasonic cleaning of the sample.
This was done to identify if the cleaning procedure for ultra-high
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FIG. 3. Bidirectional reflection distribution function (BRDF) vs reflection angle. The dashed line represents a Lambertian surface with unit reflectivity. (a) A comparison of the
uncoated and coated titanium block at λ = 780 nm at normal incidence (θi = 0○). (b) A comparison of the uncoated and coated titanium block at λ = 780 nm at θi = 55○. The
coated and uncoated titanium block was tested for a variety of commonly used wavelengths in cold atom physics at (c) uncoated at normal incidence (θi = 0○), (d) coated at
normal incidence (θi = 0○), (e) uncoated at θi = 55○, and (f) coated at θi = 55○. The error on the BRDF measurements is less than 13% of the measured value in all cases,
and the error in the accuracy of θr is ±0.5○.

vacuum (UHV) would affect the optical properties. It can be seen in
Figs. 3(a) and 3(b) that the coated sample showed negligible differ-
ence in its optical properties, suggesting that the optical performance
of the coating will not be reduced when preparing it for vacuum
applications.

The BRDF properties of titanium both coated and uncoated
were also measured at a number of commonly used wavelengths.
The results of this can be found in Fig. 3, with [(c) and (e)] show-
ing the results from the uncoated cube and [(d) and (f)] showing the
results from the coated cube. It can be seen that the performance of
the coating varies with wavelength. The biggest reduction in the total
scattered light occurred at 780 nm and the smallest amount occurred
at 462 nm. Despite the variation in the BRDF with wavelength, the
BRDF remains lower than the uncoated sample for all wavelengths
examined. This should allow for this coating to be used in a variety
of experiments that require different wavelengths.

For all of the results taken with light incident on the sample at
55○ in Fig. 3, it can be seen that the BRDF profile is not only reduced
in amplitude but broadened and shifted, which is to be expected for
certain complex surface structures.29,30

III. CHARACTERIZATION OF VACUUM PROPERTIES
To ensure that the coating is suitable for the high vacuum con-

ditions in which cold atom systems operate, it is vital that the out-
gassing rate of the coating is low, ideally no higher than that of the
materials normally used to make vacuum systems. Before the coated
cube was placed into the vacuum chamber, it was cleaned using a
procedure adapted from the CERN cleaning guidelines.31

The cleaned and coated cube was placed in a room-temperature
vacuum chamber, which was then brought to UHV by a turbo pump,
backed by a dry rotary roughing pump. A bakeout was performed
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FIG. 4. Residual gas analysis of materials in a vacuum system 24 h after cleaning
and bakeout processes. The top curve is the residual gas of an empty chamber
and the bottom curve is of the same chamber with the coated cube in. There are
no increases in excess water or complex hydrocarbons in the range measured.

for 72 h at a maximum temperature of 130 ○C, limited with the use
of indium seals. The coating itself is resistant against constant tem-
peratures up to 423 K.27 Temperature ramping during bakeout was
limited to 5 ○C/h. UHV was maintained using an ion pump, and a
residual gas analyzer (RGA) was employed to measure the remain-
ing components. The vacuum chamber, both when empty and with
a sample inside, was able to be pumped to an ultimate pressure of
2 × 10−9 mbar. The outgassing rates of the vacuum system with and
without the coated sample were measured via the pressure rate of rise
curves.32 The outgassing rate was found to be 3 ± 0.3 × 10−8 mbar L
cm2 s−1 for the empty chamber and 2 ± 0.3 × 10−8 mbar L cm2 s−1

with the coated cube inside, suggesting that the outgassing rate of the
coating is less than that which is resolvable with this experimental
system.

To characterize the specific elements outgassing from the coat-
ing, the residual gas properties of the chamber were measured with
and without the coated sample. When the residual gas analyzer
(RGA) was turned on, the pressure rose to 3.5 × 10−8 mbar. This
behavior is typical in hot-filament vacuum gauges, such as an RGA,
due to absorption processes.33 The results of the measurements can
be seen in Fig. 4.

Figure 4 shows that the spectrum of residual gases present in
the chamber with and without the coated cube is very similar. This
suggests that the coating in the range examined will not introduce a
particularly sharp increase in any one element of the vacuum cham-
ber. From the measurements taken here, and within the limits of
the vacuum system used to test the vacuum properties of the coated
cube, it can be seen that the outgassing properties of the coating were
not an issue at pressures on the order of 10−9 mbar and no large
amounts of elements that react with rubidium are emitted by the
coating. These results show that the coating can be used at pressures
relevant to cold atom systems.11–14

IV. PERFORMANCE IN A COLD ATOM SYSTEM
Since the field of cold atoms uses primarily reactive ele-

ments, the coating was tested in a rubidium prism MOT to verify

FIG. 5. The coated science chamber. (a) Schematic of the vacuum chamber inter-
nals and detection system. The window used for detection is located between the
prisms. The light that passes through this window is focused by a 12 mm diameter
lens onto a photodiode. The total light detection efficiency of the system is 0.3%.
(This includes losses due to the geometry, optical losses, and the photodiode’s
quantum efficiency.) The lens and the vacuum window are both coated with an anti-
reflection coating at 780 nm. (b) Top down photo of the coated vacuum chamber
showing the 10 mm prisms used to form a MOT.

compatibility with vacuum cleaning methods, baking, and use with
rubidium.34 A titanium science chamber housing a prism MOT,
identical to that previously reported,10 was constructed with the
coating applied before vacuum assembly. Once assembled, the sys-
tem was baked out at 100 ○C for ∼ 70 h. After baking, the pressure
was maintained with a 2 l s−1 ion pump, and the ultimate pressure
of the system achieved was of the order 10−9 mbar, prior to dis-
penser activation. The coated and assembled science chamber can
be seen in Fig. 5. A single input beam is shone directly into the
vacuum chamber in which the four prisms, a quarter wave plate,
and a mirror are used to create the six counter propagating beams
required to cool the atoms in all three degrees of freedom. A pair
of coils were used to create a quadrupole field magnetic field with
a linear gradient, which has zero field at the center of the trapping
region.

A fiber laser system10 was used to shine a circularly polar-
ized 30 mm 1/e2 diameter laser beam of equal power (14.6 mW)
incident on both the coated and uncoated chamber. Atoms were
cooled and trapped in a prism MOT,35 loaded from background
atomic vapor that was produced under vacuum raising the pressure
in the vacuum. The scattered light was measured through a side win-
dow and focused onto a photodiode. In the uncoated chamber, a
cloud of 4 ± 0.6 × 107 atoms was measured with a loading time of
0.9340 ± 0.0001 s at a vacuum pressure of 8.6 × 10−7 mbar. In the
coated chamber, a cloud of 6 ± 0.9 × 107 atoms was measured with
a loading time of 1.130 ± 0.003 s at a vacuum pressure of 9.5 × 10−7

mbar. It can be seen that there is no negative measurable effect from
the coating on the atom number or loading time. After perform-
ing the measurements and turning off the dispensers used to create
the background atomic vapor, the pressure in the vacuum chambers
returned to their previous values.

The vacuum chamber has been heat cycled three times without
any noticeable degradation to the coating performance, and since its
construction, the chamber has shown vacuum stability for over one
month with no obvious abnormalities occurring, suggesting that the
coating has not reacted with rubidium or deteriorated during this
time.
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As well as measuring scattered light from the MOT, the
quadrupole field coils were turned off and incident light was
switched between being on and off resonant with the 87Rb cooling
transition. This was done to measure the scattered light contribu-
tion from the chamber and any background fluorescence from the
atoms. The coated chamber saw a reduction in background light
by 40% ± 4%. While the results shown here demonstrate a signifi-
cant improvement, it should be noted that the in-vacuum prisms are
responsible for a lot of scattered light seen within the chamber. How-
ever, for many other cold atom systems, such as six beam MOTs,36

this will not be a limiting factor.

V. REDUCTION OF BACKGROUND LIGHT
IN A GENERALIZED COLD ATOM SYSTEM

To consider the potential impact on cold atom systems, we con-
sider an experimental setup in which fluorescence imaging of an
atom cloud onto a photodiode is performed for the purpose of mea-
suring the number of atoms in the cloud. In this case, we assume an
optimized system where background light has been measured and
subtracted from the signal of interest so that the only effect of the
background light is additional shot noise on the photodiode out-
put. All the noise sources, including shot noise from the background
light, can be quantified by their variances, and a total noise figure
can be obtained by combining the noise sources in quadrature, i.e.,
adding the variances. Let σb be the standard deviation (the square
root of the variance) of the photocurrent due to shot noise on the
background light. This quantity is proportional to the square root of
the power of the background light incident on the photodetector,37

σb =
√

2eRPbΔv, (2)

where R is the detector responsivity in A/W, e is the charge on the
electron, Pb is the optical power in Watts, and Δv is a bandwidth
factor. Let the standard deviation of all the other noise sources com-
bined be σ1. The standard deviation including background light, σ2,
is, therefore, given by

σ2 =

√

σ2
1 + σ2

b . (3)

The aim of coating the vacuum chamber is to reduce the value
of Pb and, thus, reduce the value of σ2, which will improve the overall
signal-to-noise ratio (SNR) in inverse proportion to the reduction in
σ2. For a given reduction in Pb, the amount by which σ2 is reduced
depends on how large σb is relative to σ1; that is, how significant the
background light is as a source of noise relative to all the other noise
sources. Suppose the coating changes the level of background light
Pb by factor Y , where Y = 1 is equivalent to no reduction and Y = 0
is a complete reduction in background light. A reduction by factor Y
affects σ2 by factor F. Using Eqs. (2) and (3) gives

F =

√

1 + YX2

1 + X2 , (4)

where X = σb/σ1 is the original ratio of the background light shot
noise to the other noise sources before the coating is applied. The
function F is plotted in Fig. 6. In the limit of large X, the reduction
in noise is equal to the square root of the reduction in background

FIG. 6. The amount by which noise is reduced by a reduction in background
light. Solid line—reduction by Y = 0.6; dashed line—reduction by Y = 0.016. X
is the original magnitude of the noise from background light relative to other noise
sources.

light Y . In the limit of X → 0, there is no improvement because the
background light is an insignificant noise source.

The two curves shown in Fig. 6 correspond to these two differ-
ent cases, Y = 0.60 and Y = 0.016, and quantify the extent to which
the application of the coating would reduce the noise coming from
background light. The value of Y = 0.60 has been chosen to match
the value measured in the experiment in Sec. III, rounded to two
decimal places. The value of Y = 0.016 has been chosen to match the
value measured in the reduction of 780 nm light in Fig. 3(b).

From Fig. 6, it can be seen that for a generalized cold atom sen-
sor using a prism MOT and achieving the same background light
suppression as achieved in Sec. III, a noise reduction of 23% is pos-
sible. This would present a significant improvement in an experi-
mental system, with little increase in the overall complexity. It is
worth noting that in addition to the improvements quantified in
the above analysis, a sufficiently good coating material might reduce
background scattered light to the extent that it is not necessary
to use a background subtraction method at all, leading to further
improvements.

Due to the vast variety in types of cold atom experiments, the
vacuum chambers used are often bespoke to the experiment in ques-
tion, consequently the exact angles at which background scattered
light will reach the detector will be unique to the vacuum cham-
ber and often will have undergone multiple reflections to reach the
detector. By characterizing a coating BRDF at these angles and using
Eq. (4), it should be possible to estimate the noise reduction possible
in a specific system to estimate the noise reduction possible.

VI. CONCLUSION
The potential improvements of a reduction in background light

levels were explored for cold atom systems. The optical properties of
a coating were tested compared to a titanium surface, a common
vacuum chamber material. The coating was found capable of reduc-
ing the peak scattered light by a factor of 62 at 780 nm providing a
significant reduction in reflected light. The vacuum compatibility of
the coating has been examined, and the outgassing has been found
to be less than 3 × 10−8 mbar L cm−2 s−1, where the measurement
was limited by the vacuum chamber used. Outgassing at this level
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and below means the coating is suitable for high vacuum applica-
tions, at pressures used in most cold atom experiments. The coating
was then applied to a titanium vacuum chamber. Housed within
this vacuum chamber are the optics required to produce a prism
MOT, where the coating was observed to be nonreactive with rubid-
ium. These properties make the coating suitable for use in cold atom
systems.

Within the prism MOT, a reduction in background light by
roughly 40% was observed, providing a significant improvement
in a system prone to high background light levels from the vac-
uum chamber and the optical components used to form the MOT.
The effect of achieving this background light reduction was then
explored theoretically in a generalized cold atom sensor using a
prism MOT. Based on the experimental results, a noise reduction
of 23% was found to be possible, presenting a significant potential
improvement.

The work presented here provides the experimental and the-
oretical tools needed to evaluate whether a low-reflectivity coat-
ing would offer an improvement in an existing cold atom system.
The results from applying the low-reflectivity coating show great
promise for the implementation of low-reflectivity vacuum compat-
ible coatings as a way to achieve scattered light suppression when
measuring fluorescence signals from gas-phase sources in cold atom
systems.
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APPENDIX A: CHAMBER GEOMETRY
AND CONSTRUCTION

The vacuum chamber design and dimensions of the vacuum
used in these experiments can be seen in Fig. 7.

Teflon caps were used to protect the threaded holes and the
knife-edge during the coating process [see Fig. 8(a)]. After coating,
sealing surfaces were machined to provide flat surfaces for indium

FIG. 7. (a) Diagram showing the vacuum chamber dimensions. (b) CAD model
showing the assembled chamber.

FIG. 8. (a) The prism MOT chamber post coating. (b) The chamber post machining
and assembly of optical components.

FIG. 9. Schematic of the laser used for optical trapping. The output light from a
seed laser (1550 nm) is modulated by an EOM driven by a 6.5 GHz oscillator to
generate frequency sidebands. The light is then amplified by an EDFA before being
frequency doubled via second harmonic generation using a PPLN waveguide. The
output of the fiber is allowed to expand, before being collimated using a lens. This
collimated light is then input into the MOT vacuum chamber.

sealing the glass windows to the titanium chamber. Then, the prisms,
the mirror, and the quarter wave plate were glued in place with a
vacuum compatible glue. The chamber before the windows were
attached can be seen in Fig. 8(b).

APPENDIX B: LASER SYSTEM FOR OPTICAL TRAPPING

The light used to cool and trap the atoms is generated using a
fiber laser system, a schematic of which can be seen in Fig. 9. The
two frequencies needed for cooling 87Rb atoms on the D2 transition
are derived from the carrier and first-order frequency sideband cre-
ated by phase modulation. The light from the seed laser is passed
through an electro-optical modulator (EOM), which modulates the
light at ∼6.5 GHz to generate a sideband that acts as the repumping
frequency on the ∣F = 1⟩→ ∣F′ = 2⟩ transition, while the carrier acts
as the cooling frequency on the cycling ∣F = 2⟩→ ∣F′ = 3⟩ transition.
The light is then amplified with an erbium-doped fiber amplifier
(EDFA); then, a periodically poled lithium niobate (PPLN) waveg-
uide is used to frequency double the light from 1560 nm to 780 nm.
The light out of the fiber is then collimated before being used to trap
atoms.

APPENDIX C: MEASURING ATOM NUMBER
AND LOADING RATE

The number of atoms trapped and the loading rate in the prism
MOT systems were measured using the method in Ref. 38. The MOT
was loaded from background rubidium gas in the vacuum chamber,
generated due to the use of the rubidium dispenser located close to
the MOT region of the chamber. This pressure is typical in these
sorts of systems, and often, a pressure gradient is present between the
MOT region and the measurement region, with the measurement
region being at a lower pressure.
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