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We demonstrate a new approach with fabrication of anti-reflective coating to substantially reduce the
scattering light in an ultra-high vacuum during laser induced fluorescence (LIF) detection. To do so,
the surface of the vacuum chamber in the detection region was blackened and coated with the special
solar heat absorbing nanomaterials. We demonstrate that more than 97.5% of the stray light in the
chamber spanning from near infrared to ultraviolet can be absorbed which effectively improves the
signal to noise (S/N) ratio. With this technique, the LIF signal from the cold magnesium monofluoride
molecules has been observed with an S/N ratio of ∼4 times better than without that. Published by AIP
Publishing. https://doi.org/10.1063/1.5016566

Precision fluorescence spectroscopy plays an increasingly
important role in the areas such as the precision measurement of fundamental physical constants,1 single-molecule
microscopy,2 single-ion quantum dynamics,3 the search for
the electron’s electric dipole moment,4 and direct laser cooling of molecules.5,6 The laser-induced fluorescence technique
is widely used in the study of the electronic excitation of atoms
(or molecules, ions) and their interactions with other species.7
Generally, the signal-to-noise (S/N) ratio of the fluorescence
signal from excited atoms or molecules can be very high, leading to the sufficient sensitivity for measurements conducted.
However, in some challenging experiments, the laser induced
fluorescence (LIF) signal is fairly small. For example, in the
gas phase, rovibrational branching from molecular electronic
states may deliver the LIF signal smaller than one photon per
molecule.8 When a small quantity of molecules is detected
with the quite weak signal, the scattered laser light can seriously contribute to the big and unwanted noise. In the laser
cooling of Yb: ZBLAN solids,9 most of the pump laser radiation is eventually absorbed by the Yb3+ ions in the glass
while ideally the fluorescence emitted should be absorbed
as much as possible by the chamber walls. This is because
the fluorescence may re-pump the cooling crystals, causing it
to be heated through a Stokes process. Therefore, it is very
critical for these types of LIF experiments to minimize the
unnecessary scattering light so that a better S/N ratio can be
obtained.
Coated surfaces in black are often used to absorb the scattered light during fluorescence detection. Chemically grown
black cupric oxide materials have been used for stray light suppression, and the efficient LIF detection of the SrF molecules
a) Author

to whom
phy.ecnu.edu.cn.

correspondence

should

0034-6748/2018/89(4)/046103/3/$30.00

be

addressed:

yxia@

has been achieved.8 In that experiment,9 the cooling crystal
is closely surrounded by a copper chamber coated with lowthermal-emissivity materials, but the coating materials absorb
sufficiently the emitted photons at the fluorescence wavelengths, so the radiative load is reduced by a factor of six.
Some surface topography methods have also been developed
with the anti-reflective coating (ARC) nanostructures through
coated surfaces. Both silicon and non-silicon materials along
with their mechanisms responsible for reflectance reduction
are reviewed.10–14
Here, we present a succinct experimental scheme to minimize the stray light for our diatomic molecule laser cooling
experiments. The special solar heat absorbing materials we
chose were sprayed evenly on the interior surface of the stainless steel vacuum chamber where the LIF experiments were
performed.15 With this micron-thickness coating, we demonstrate a number of benefits, i.e., low light reflectance, high
thermal stability, excellent adhesion, broad spectral absorption region, and low outgassing. The fabrication procedures of
the anti-reflective coating materials are as follows. First, vacuum chamber components were cleaned in an ultrasonic bath
that is filled with acetone for 1 h to remove any surface contamination, followed by a rinse in a deionized water bath. They
were then placed in an oven at 50 ◦ C for 10 min to obtain a dry
surface. Because this coating is soluble in water, ensure that
the surface is dry before spraying. Afterwards, we used a spray
gun with 1.5 mm aperture to blacken the surface of the components. The vacuum chamber was coated through six vents,
each of which was sprayed for 10 s. Then we put the components in the drying oven at 70 ◦ C. Twenty minutes later, we
carry out the second layer of spraying. Finally, the components
were placed in the drying oven at the same temperature for 12
h so that any volatile substances can evaporate as completely
as possible.
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FIG. 1. (a) Coated vacuum chamber, flange, and sheet samples. (b) Scanning
electron micrograph photograph for a small area of the coated surfaces.

The coated components are showed in Fig. 1(a). They
consist of a vacuum chamber, a flange, and sheet samples.
A scanning electron micrograph for a portion of the coated
areas is shown in Fig. 1(b). A visual observation of the coated
structure reveals the granular and porous structure that attests
for the anti-reflection properties. From the surface area spectrum taken by the microscope, the relatively uniform spherical
nanoparticles of 50–80 nm diameters are visible. The average
depth of the coated layers is micron size. We continue to bake
the coated components to 150 ◦ C for 4 h, and the coating material still shows high thermal stability and excellent adhesion.
The main ingredients of the coating materials are resin, nanoceramic powder, and carbon powders. The ultimate pressure
of the vacuum chamber was measured to be near 3.5 × 10 9
Torr with the surface coating.
The porous structures of these nanoparticles on the chamber’s surface are found to efficiently trap the scattering light
in our experiments. To quantify the extent of the reduction
for the scattering light background due to the material’s coating, we measured the stray light signal under the atmospheric
environment with the coated vacuum chamber and the same
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chamber but without coating. For an exhaustive comparison,
we directed a laser beam with a 1/e2 diameter of 1 mm to
both of the centers of front and rear windows of the chambers and adjusted the laser power with a wavelength plate. A
chopper wheel modulated the incident laser light at 700 Hz,
and the scattering light was collected by a photomultiplier tube
(PMT) and then transmitted to a lock-in amplifier to integrate
with the reference signal. The scattering light noise signal can
be extracted by adjusting their phase difference. A fraction of
the laser beam was picked up by a photodetector to account
for the laser power fluctuation; the fluctuation was smaller than
1% of the incident laser light power throughout the measurements. The specific measurement scheme is seen in Fig. 2.
Here, we define the absorption efficiency as A = 1 (Pc /P),
where Pc and P are the signal intensity from the PMT with and
without the coated surfaces, respectively.
In Fig. 3, we show the measured absorption efficiency
from the coated chamber at a wavelength of 359 nm with a
laser power up to 25 mW. In general, the measured efficiency
is constant, 97.5%, as seen in Fig. 3 (the dotted line). The
inset is the stray light intensity collected by the PMT versus
incident laser power. We see that the stray light signal from
the PMT remains linear with and without the coatings. For the
experiments with the higher laser power, the same trend can
also be obtained when a neutral density filter is placed in front
of the PMT detector to avoid signal saturation.
In order to investigate the coating response to the wavelength, we measured the absorption efficiency from near
infrared to ultraviolet band. For each data point, we measured
the absorption efficiency of the 5, 10, and 15 mW power laser,
respectively, and then averaged. In the visible light bands, the
absorption efficiency by the coating is excellent, as seen in
Fig. 4, especially at 400 nm, 518 nm, 633 nm, and 673 nm,
exceeding 99%. From 700 to 820 nm, we used a Ti:sapphire
laser and acquired the data points. The measured absorption
efficiency by the coating is above 98%. Note that 359 nm is near
the laser cooling wavelength for our magnesium monofluoride (MgF) molecules.16,17 Although the absorption efficiency
is not as high, it is still more than 97.5%. In short, the solar
heat absorbing coating material is effective in reduction of the
unwanted stray light.
Now, we move to our preliminary experiments on laser
cooling of diatomic molecules. A pulsed laser (YAG 20–22 mJ,
5 ns, 532 nm, 2 Hz) ablated an Mg rod in a 5 K copper cell
where 4 SCCM of precooled 5 K helium and 0.05 SCCM of
230 K SF6 flowed in.18 The Mg and SF6 react to create MgF
molecules which are cooled by collisions with He and leave
the cell through a 5 mm aperture. The resulting pulse passes

FIG. 2. Schematics to measure the high
absorption efficiency of stray light by
the coating. LS: laser source; L: lens;
M: mirror; PBS: polarizing beam splitter; D: photodetector; PMT: photomultipliers; Lock-in: lock-in amplifier; λ/2
is half-wave plate.
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FIG. 3. Reduction of the stray light vs the incident laser power. The inset is
the absolute signal intensity collected by the PMT versus incident laser power.

through a 5 mm diameter aperture, 12 cm downstream, where
the pressure is 3 × 10 9 Torr. Then the molecular beam passes
two detection regions, 30 and 40 cm from the exit of the source,
respectively, where the chambers are all the same except for
the ARC. Although they have different molecular density (at
different distances), we care more about the background stray
light, which is mainly caused by the scattering of the probe
light, than the fluorescence signal. A beam of probe laser was
split into two with a beam splitter, and two attenuators were
used to adjust their light intensity to 2 mW. By exciting the
X2 Σ+ 1/2 (v = 0) → A2 Π 1/2 (v0 = 0) electronic transition (359.2
nm),17 we used two calibrated PMTs to collect the signal at
the same time. A gated photon counting systems processes
the fluorescence signal, and a variable time delay pulse opens
an adjustable “window” in the photon counting system after
the YAG laser is triggered. To increase the signal intensity,
multiple rounds of signals are accumulated. In Fig. 5, we show
the LIF signals for the MgF experiments. So, the addition of
the coated surfaces significantly eliminates the scattering light.
The maximum S/N ratio is then enhanced by a factor of ∼4.

FIG. 4. Reduction of the stray light as a function of the incident laser
wavelength.
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FIG. 5. LIF measurements for MgF molecules produced in a buffer gas
cooling. Black and red curves refer to the coating and without coating,
respectively.

In conclusion, with the coating of the new materials onto
the surfaces of the LIF detection chambers, we succeed in
achieving the lower noise from the stray light for the ongoing
LIF experiments of cooling diatomic molecules. The coated
surfaces have high absorption efficiency for the stray light from
359 nm to 820 nm. The approach presented here is widely
suitable to reduce the scattered light background in any other
similar LIF experiments where only a low concentration of
exotic molecules can be produced.
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