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Low-power microstructured atomic oven for alkaline-earth-like elements
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Alkaline-earth-like elements play pivotal roles in advanced quantum sensing technologies, notably opti-
cal clocks, with unprecedented precision achieved in recent years. Despite remarkable progress, current
optical-lattice clocks still face challenges in meeting the demanding size, weight, and power consump-
tion constraints essential for space applications. Conventional atom sources, such as ovens or dispensers,
require substantial heating power, which makes up a significant fraction of the overall power consump-
tion of the system. Addressing this challenge, we present a microstructured atomic oven based on fused
silica, designed for miniaturization and low-power operation. We characterize the oven by loading a
magneto-optical trap with Yb evaporated from the oven and demonstrate operation with a loading rate
above 108 atoms/s for heating powers below 250 mW.
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I. INTRODUCTION

Alkaline-earth-like elements are employed in state-of-
the-art quantum sensors, most prominently optical clocks
[1,2], and in quantum computing with neutral atoms
[3,4] or trapped ions [5]. Rapid technological advancement
has enabled the operation of optical clocks with fractional
frequency uncertainties in the low-10−18 range [6–11]
and the development of transportable systems aiming to
field deployment [12–15] or even reaching out into space
[16,17], where numerous applications for optical lattice
clocks have been proposed [18,19].

The maturity of present-day optical lattice clocks is still
insufficient to meet the stringent requirements of a space
flight in terms of size, weight, and power consumption
(SWaP). Field-deployable systems, either on the ground
or in space, therefore require significant miniaturization
of key components. For alkaline-earth-like elements, con-
ventional atom sources are based on an oven [20–22] or
dispensers [23–26] that require heating to temperatures up
to 400–500◦C in order to provide a sufficient flux of atoms,
where typical heating powers of several tens of watts are
required. The evaporated atoms are then generally trapped
and cooled in a magneto-optical trap (MOT) as a first
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step in the preparation of ultracold atoms. In transportable
experiments, the required heating power of the source can
be a significant portion of the overall power consumption
of the system [17].

A mitigating technique in the reduction of thermal losses
due to convection is by using in-vacuum heating [20],
leaving thermal radiation and conduction as the remain-
ing loss processes. However, the required heating power
still remains in the order of tens of watts. Progress toward
the reduction of thermal conduction has been made with
a chip-size atomic oven based on silicon, which is sus-
pended by narrow beams [27]. The achievable reduction
of thermal conduction has, however, been limited due to
the decreasing mechanical robustness with reduced beam
thickness.

In this paper, we present a miniaturized monolithic in-
vacuum atomic oven based on microstructured fused silica.
Compared to silicon, fused silica offers a reduction of ther-
mal conductance by 2 orders of magnitude. The oven has
been manufactured by laser-induced deep etching (LIDE).
The monolithic design holds a spring-mounted reservoir
that contains the atoms and is heated directly. A laser-
structured electrical circuit allows for electrical heating
as well as heating by optical absorption of light. While
evaporation of alkaline-earth-like atoms by optical illumi-
nation has already been demonstrated [28,29], our design
relaxes the optical-power requirement and enables contin-
uous operation without the need for a regular realignment
of the optical heating beam. The geometry of the mounting
springs offers optimal thermal insulation of the reservoir
from the mounting structure as well as mechanical stability
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with respect to differential thermal expansion along the
springs themselves. Thus, thermal radiation remains as the
only significant loss process at high temperatures, enabling
oven operation at low power consumption. Compared to
conventional atomic beam ovens, our approach drasti-
cally reduces the size and weight. Therefore, it can be
placed directly near the structure that generates the MOT.
Although our atomic reservoir is likewise smaller com-
pared to classical oven designs, we expect a sufficient
lifetime on the order of multiple years, since the atomic
flux into the MOT volume is comparable at much lower
oven temperatures, i.e., atomic evaporation rates. For both
heating options, we demonstrate a power consumption far
below 1 W for generating a fast-loading MOT with more
than 108 atoms/s.

We compare the two heating mechanisms that the oven
features and characterize its atom-evaporation properties
by measuring the MOT loading dynamics. Our oven is
specifically well suited to operate modern compact single-
beam MOT structures [30–35], which further miniaturize a
crucial component of modern quantum sensors, paving the
way toward space-borne applications.

II. OVEN DESIGN

The atomic oven is depicted in Fig. 1. It is based on
a circular fused silica chip that is manufactured in larger
numbers from a 6-in. fused silica wafer with a 500-µm ini-
tial thickness. An outer support structure of 13 mm diame-
ter holds the central part via four double-folded mounting
springs, each with a cross section of 150 µm × 450 µm
and a length of 6 mm. The central part of the oven is a
heating plate with a 4-mm outer diameter and a 3-mm-
wide recess. It can be filled with alkaline-earth-like atoms
and it is the only part of the chip that is heated in order to
evaporate the atoms.

The suspension of the heating plate in the chip using
springs is a key feature in the thermal isolation of the heat-
ing plate toward the mounting structure. It minimizes heat
conductance from the heating plate to the outside part of
the chip, due to its favorable aspect ratio between cross
section and length. Furthermore, it ensures mechanical sta-
bility with respect to thermal expansion along the spring,
which would introduce mechanical stress and out-of-plane
bending in a straight connection due to the expected large
temperature gradient between the mounting structure and
the heating plate. The chips have been fabricated using
the two-step LIDE technology developed by LPKF [36].
In the first step, the glass is laser modified and in the sec-
ond, it is chemically etched with a hydrofluoric-acid-based
solution. The laser-modified areas etch at a significantly
higher rate than the unmodified ones, enabling the forma-
tion of high-aspect-ratio structures with a precisely defined
geometry without introducing defects into the glass. The

defect-free manufacturing process provides the mechani-
cal stability needed for this application. During the etching
process, the overall substrate thickness is reduced to about
450 µm, which has been taken into account in the design
of the heating plate.

The back side of the chip has been metallized in a
physical-vapor-deposition (PVD) process to enable elec-
trical heating with a 300-nm platinum layer on a 10-nm
titanium adhesion layer. A heating structure, in the shape
of a Fermat’s spiral, has been manufactured by removing a
15-µm-wide strip of the metal layer via laser scribing, cre-
ating electrical insulation between neighboring windings.
The remaining conductive path along the spiral is approx-
imately 65 µm wide, with a total length of about 84 mm.
Each end of the spiral is split into two parallel paths, where
the conductor length difference for two parallel connec-
tions is about 2.5 mm. Each path is terminated by a copper
contact pad. Two of the copper pads (1 and 4 in Fig. 1) are
connected to an electric power source for electrical heat-
ing, while the other two (contact pads 2 and 3) are used
for measuring the voltage drop along the spiral, enabling a
four-point resistance measurement, to determine the tem-
perature of the spiral. Apart from the electrical heating,
the reservoir can also be heated by optical illumination.
For that, the Pt filling between the lanes, which has not
been removed, maximizes the area that effectively absorbs
the heating light. The bottom of the reservoir separates the
heated Pt layer from the atoms. In order to ensure sufficient
heat transfer without compromising mechanical stability, it
has a thickness of 30 µm.

When the oven is operated in vacuum, the power con-
sumption is determined by losses due to thermal radiation
and thermal conduction, where the thermal radiation is
described by the Stefan-Boltzmann law and the thermal
conduction by Fourier’s law. For our oven geometry, we
calculate an estimate of the total power consumption as a
function of the heating-plate temperature, which is shown
in Fig. 2. It can be seen that for temperatures above 100◦C,
the total power loss is dominated by thermal radiation,
since heat conduction through the mounting springs is sup-
pressed due to their geometry and the material properties
of fused silica.

Due to the comparably small volume of the reservoir, of
only about 3 mm3, a critical design parameter is the oven
lifetime, which refers to the duration for which it can sus-
tain a decent flux of atoms before the reservoir becomes
empty. At a given oven temperature, the lifetime can be
directly calculated from the expected evaporation rate of
the specific element that is used. We have calculated the
vapor pressure pv using [37]

log(pv) = A/T + B log(T) + CT + D, (1)

with parameters A, B, C, and D taken from the litera-
ture for Yb and Sr. The corresponding evaporation rate at
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(b) (c)(a)

FIG. 1. The design of the monolithic microstructured fused-silica oven. (a) A rendered image of the front side, showing the spring-
mounted reservoir in the center. (b) A sketch of the back side. The numbered brown circles indicate copper contact pads and the gray
lines represent the platinum layer. (c) An enlarged view of the back side of the heating plate. Here, the high platinum filling factor
supports light absorption for improved optical heating from the back side. Not shown are the mounting springs and the outside part of
the chip.

temperature T is given by the Hertz-Knudsen equation,

ṅ(T) = pv(T)√
2πMRT

Na, (2)

where M is the molecular mass, R the ideal gas con-
stant, and Na is Avogadro’s constant. From the specific
evaporation rates, we can also estimate the MOT load-
ing rate that can be achieved. Here, the small oven size
emerges as a key advantage, enabling us to place it directly
next to the MOT volume and thus gaining a comparably
large geometric acceptance angle for evaporated atoms to
enter the MOT trapping volume. In the setup described in
Sec. III, the half-opening angle for which atoms can enter
the MOT volume is about 22◦. Furthermore, we assume
a maximum MOT capture velocity of our pyramid MOT
of 40 m/s. From this, we estimate the MOT loading rates

FIG. 2. The estimated thermal power loss as a function of the
temperature of the heating plate.

of the most abundant isotopes of the alkaline-earth-like
elements 174Yb and 88Sr for different temperatures of the
evaporated atoms. They are shown in Fig. 3, together with
the expected lifetimes of a reservoir with an initial filling
of 30 mg. It is evident that for both elements, continu-
ous operation with MOT loading rates above 108 atoms/s
for a number of years is possible. Furthermore, the life-
time increases drastically when the oven is operated at
a lower temperature, yielding more conservative loading
rates, or when the oven is not operated continuously. An
even higher lifetime could be reached by redesigning the
oven with a larger reservoir, at the cost of slower heating
dynamics and an increase of the overall size and weight.
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FIG. 3. The estimated oven lifetime and MOT loading rate as
a function of the temperature for Yb and Sr. The black dotted line
indicates a lifetime of 1 year. The MOT loading rates are given
for the most abundant isotopes, 174Yb and 88Sr.
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FIG. 4. The experimental setup for the characterization of the
oven.

The reservoir can be filled by evaporation of atoms from
an external source and subsequent deposition on the glass
substrate [27,38], but for the results described in the fol-
lowing we have instead placed a solid block of ytterbium
with a weight of approximately 30 mg onto the reservoir.
A thin layer of indium foil has been added between the Yb
block and the reservoir, in order to improve the thermal
contact with the heating plate and thus reduce the required
electrical heating power.

III. RESULTS

We have tested the oven by loading a MOT generated
by a pyramid reflector [39], which only requires a single
incident laser beam. The reflector is a quasimonolithic alu-
minum structure and is described in detail in Ref. [40]. It
features six angled reflective surfaces to generate beams
for radial trapping and a bichromatic wave plate with a
highly reflective coating on its back side for axial trapping.
Gaps between the reflective surfaces allow for radial opti-
cal access and atom loading. The oven is placed directly at
such a gap, at a distance of approximately 1 mm from the
outside of the reflector, as indicated in Fig. 4. This enables
atoms that are evaporated from the oven under a large solid
angle to enter the trap volume. The exact position of the
oven and distance to the pyramid can be adjusted with a
port aligner.

For electrical heating, we have applied a voltage
between connections 1 and 4 and simultaneously measured
the voltage drop across connections 2 and 3. We have mea-
sured a room-temperature resistance of the spiral of 523 �.
However, it has been observed that the resistance does not
increase monotonously with increasing heating power and

so it is not possible to determine the temperature from the
measured resistance.

The gap in the pyramid opposite the oven is used for
coupling in a beam at 556 nm for optical heating. The
optical heating beam has a diameter of 4 mm, so that
the reservoir is fully illuminated. With this optical heating
setup, the Yb is heated directly by absorbing the 556-nm
light, instead of the Pt layer, which has a low absorptance
at this wavelength. We have chosen this setup because
direct illumination of the Yb block has been easier due to
the good optical access through the pyramid. In this case,
the oven is not used directly for heating but still ensures
thermal isolation from the environment for a low power
requirement on the heating beam. Direct heating of the Pt
layer would require a lower wavelength for efficient optical
absorption. The optical heating beam is far detuned from
the atomic transition at 556 nm to avoid slowing of the
atoms due to this beam, which could potentially enhance
the MOT loading rate.

The magnetic quadrupole field that is required for MOT
operation is generated by two coils in anti-Helmholtz con-
figuration, which are wound on two water-cooled copper
mounts. The magnetic field gradient was 3.3 mT/cm in the
axial direction for all measurements. A single laser beam
at 399 nm is incident on the pyramid reflector and is split
and reflected into all required beams for three-dimensional
trapping and cooling. We have chosen a collimated Gaus-
sian beam with a 1/e2 diameter of 45 mm, which is larger
than the 34-mm outer diameter of the pyramid.

We have loaded a MOT operating on the broad 1S0 →
1P1 transition at 399 nm. We have measured the MOT
loading curves of the most abundant isotope 174Yb for
different electrical and optical heating powers. The opti-
cal power for the MOT at 399 nm was 60 mW and the
MOT detuning was −32 MHz. Exemplary loading curves
are shown in Fig. 5. Here, the error bars indicate statisti-
cal fluctuations and represent one standard deviation. The
solid lines are exponential fits that yield the respective
loading rates and settling times. Here, the settling time
is equivalent to the inverse of the atomic loss rate in the
fully loaded MOT. Both parameters are shown for differ-
ent heating powers in Fig. 6. It is evident that with both
heating mechanisms, loading rates above 108 atoms/s can
be achieved with heating powers below 250 mW. This
comparably large MOT loading rate at a moderate esti-
mated oven temperature highlights the advantage of the
oven, in that it can be placed close to the trapping volume
due to its small size. In order to achieve the same load-
ing rates, the required power for electrical heating is larger
than for optical heating. This is due to the limited ther-
mal contact between the Yb block and the reservoir, which
is advantageous when the Yb is directly heated by the
optical beam and disadvantageous for electrical heating of
the reservoir. Nevertheless, electrical heating is potentially
the more power-efficient approach, since the generation of
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Time (ms)

FIG. 5. Exemplary MOT loading curves for different optical
and electrical heating powers.

laser light requires more electrical power than the optical
output power that is available for heating. For both heating
mechanisms, the MOT lifetime decreases with increasing
heating power. This can be explained by collisions of the
trapped atoms with fast atoms emerging from the oven,
which limit the lifetime and scale with the heating power.

We have investigated the heating dynamics of the oven
by repeatedly loading a MOT and measuring the loading
rate. Starting at room temperature, we have turned on the
electrical or optical heating with powers of 205 mW and
100 mW, respectively, and tracked the loading rate for a
duration of 20 min. The result is shown in Fig. 7. For
the electrical heating, the loading rate increases strongly
within the first 2 min and then increases further slowly over
the course of the whole measurement. For the optical heat-
ing, the loading rate also increases strongly during the first
2 min but then it oscillates. This periodic oscillation can
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FIG. 6. MOT loading rates and settling times as a function of
the heating power for both heating mechanisms.

FIG. 7. The heating dynamics of the oven with electrical and
optical heating. The MOT loading rates for electrical heating are
normalized to the maximal value and for the optical heating they
are normalized to the mean value in the interval between 5 min
and 20 min.

be associated with power fluctuations of the optical heat-
ing beam, which is why it does not appear for the electrical
heating. This means that the electrical heating generates
a far more stable flux of atoms compared to the optical
heating, when the optical heating power is not actively
stabilized.

The velocities of the atoms that are evaporated from the
oven are described by a thermal distribution. Due to the
high temperature that is required for evaporation, it can be
assumed that only a small fraction of the atoms is slow
enough to be captured by the MOT. It can thus be expected
that the MOT capture velocity, which can be enhanced by
increasing the MOT power, has a strong influence on the
loading rate. For a fixed electrical heating power of 205
mW, we have measured the loading rate as a function of the
MOT power. Additionally to 174Yb, the fermionic isotope
171Yb is of interest, since it is commonly used in optical lat-
tice clocks. We have performed the measurement for both
isotopes (Fig. 8). It can be seen that the respective loading
rates increase strongly with increasing MOT power. The
loading rates for the fermionic isotope are lower due to its
lower natural abundance. Nevertheless, it can be seen that
a high loading rate of 171Yb can be achieved with the MOT
powers that are typically available from commercial laser
sources.

When the oven is heated with an electrical power of
205 mW, the pressure inside the vacuum chamber rises
to 5 × 10−10 mBar. Although the fast atoms evaporating
from the oven can collide with the trapped atoms, it is pos-
sible to efficiently transfer the atoms to the second MOT
stage operating on the narrow 1S0 → 3P1 transition at 556
nm. The MOT beam at 556 nm is incident on the pyramid
reflector through the same optical path as the first-stage
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FIG. 8. The MOT loading rate as a function of the MOT power
at 399 nm for both relevant isotopes, 174Yb and 171Yb. The elec-
trical heating power was 205 mW and the MOT detuning was
−32 MHz.

MOT beam, resulting in the same beam diameter. In order
to characterize the second MOT stage, we first load a MOT
on the first-stage transition. We then switch on the 556-
nm light and after a transfer time of 20 ms, we turn off the
399-nm light. After a variable holding time, we transfer
the atoms back into the first MOT stage and compare the
initial and final atom numbers. This atom-number ratio is
measured for different holding times in the second MOT
stage, so that the initial transfer efficiency and the lifetime
can be determined. We have repeated this measurement for
different detunings of the 556-nm laser (Fig. 9), which had
an optical power of 10 mW. It is evident that a transfer effi-
ciency above 90% is possible, which shows that the oven
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FIG. 9. The transfer efficiency and lifetime in the second MOT
stage as a function of the frequency detuning of the 556-nm MOT
laser.

FIG. 10. The relative resistance of the heating spiral during a
repeated heating and cooling cycle. The dark blue points repre-
sent hourly averaged resistances and the light blue shaded area
describes the corresponding standard deviation. The inset shows
the heating sequence for a fraction of the total measurement time:
“On” and “Off” refer to whether or not the electrical heating is
active.

is ideally suited to serve as an atom source for a compact
optical lattice clock.

To investigate the long-term characteristics of the
oven, we have operated it continuously over the course
of 11 days with MOT loading rates exclusively above
107 atoms/s. We have observed no visible reduction of the
size of the Yb block, suggesting a reasonably long life-
time of the oven at the given loading rate. However, we
have observed an increase in the required optical heating
power to maintain our target loading rate. We attribute this
to an observed coating of the wave plate inside the pyra-
mid due to the evaporated ytterbium from the oven. Such a
coating of the optical surfaces might be avoided by block-
ing the direct line of sight from the oven with a shutter,
by generating a collimated atomic beam emerging from
the oven with a nozzle [41], or by implementing a 2D-
MOT. Furthermore, we have investigated the robustness
of the oven during repeated temperature changes. We have
performed more than 1100 repetitions of heating the oven
with 200-mW electrical power for 1 min followed by 5
min of cool-down time. We have measured the oven resis-
tance during the heating (Fig. 10). While we have observed
a slow reduction of the observed resistance, stable long-
term operation can be achieved by stabilizing the electrical
power instead of the current. We attribute the reduction
of the resistance to either a slow heating of the peripheral
infrastructure or an annealing effect of the thin Pt layer.

IV. CONCLUSIONS

We have presented a low-SWaP oven for alkaline-earth-
like elements and characterized it by loading a MOT

014020-6



MICROSTRUCTURED ATOMIC OVEN. . . PHYS. REV. APPLIED 23, 014020 (2025)

generated with a pyramid reflector. The defect-free
microstructuring of fused silica using the LIDE process
has been a key technology to achieve the presented results.
Starting from room temperature, the oven takes less than
5 min to heat up to a temperature that yields a large MOT
loading rate. For MOT loading rates above 108 atoms/s,
it requires less than 250 mW electrical heating power or
less than 150 mW optical heating power. While electrical
heating leads to a stable flux of atoms, the MOT load-
ing rate measured with optical heating fluctuates due to
power fluctuations of the heating beam. We have demon-
strated that a MOT of the most abundant isotope, 174Yb, as
well as the clock-relevant isotope 171Yb, can be loaded and
that transfer to the second MOT stage is possible, with a
transfer efficiency above 90%. The oven thus constitutes a
promising candidate to serve as an atom source for a future
transportable optical lattice clock. Possible modifications
of the oven design would allow us to adjust key param-
eters. The heating time can be reduced by modifying the
mounting springs for an increased heat conductance, at the
cost of a higher power consumption. A trade-off between
the oven lifetime and the heating time can be chosen by
varying the size of the reservoir.
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[28] O. Kock, W. He, D. Świerad, L. Smith, J. Hughes, K.
Bongs, and Y. Singh, Laser controlled atom source for
optical clocks, Sci. Rep. 6, 37321 (2016).

[29] M. Yasuda, T. Tanabe, T. Kobayashi, D. Akamatsu, T. Sato,
and A. Hatakeyama, Laser-controlled cold ytterbium atom
source for transportable optical clocks, J. Phys. Soc. Jpn.
86, 125001 (2017).

[30] M. Vangeleyn, P. F. Griffin, E. Riis, and A. S. Arnold,
Single-laser, one beam, tetrahedral magneto-optical trap,
Opt. Express 17, 13601 (2009).

[31] M. Vangeleyn, P. F. Griffin, E. Riis, and A. S. Arnold, Laser
cooling with a single laser beam and a planar diffractor, Opt.
Lett. 35, 3453 (2010).

[32] W. Bowden, R. Hobson, I. R. Hill, A. Vianello, M.
Schioppo, A. Silva, H. S. Margolis, P. E. G. Baird, and P.
Gill, A pyramid MOT with integrated optical cavities as a
cold atom platform for an optical lattice clock, Sci. Rep. 9,
11704 (2019).

[33] A. Sitaram, P. K. Elgee, G. K. Campbell, N. N. Klimov,
S. Eckel, and D. S. Barker, Confinement of an alkaline-
earth element in a grating magneto-optical trap, Rev. Sci.
Instrum. 91, 103202 (2020).

[34] S. Bondza, C. Lisdat, S. Kroker, and T. Leopold, Two-color
grating magneto-optical trap for narrow-line laser cooling,
Phys. Rev. Appl. 17, 044002 (2022).

[35] S. A. Bondza, T. Leopold, R. Schwarz, and C. Lis-
dat, Achromatic, planar Fresnel-reflector for a single-
beam magneto-optical trap, Rev. Sci. Instrum. 95, 013202
(2024).

[36] R. Ostholt, N. Ambrosius, and R. A. Kruger, in Proceed-
ings of the 5th Electronics System-integration Technology
Conference (ESTC) (IEEE, Helsinki, Finland, 2014), p. 1.

[37] J. Safarian and T. A. Engh, Vacuum evaporation of pure
metals, Metall. Mater. Trans. A 44, 747 (2013).

[38] R. P. Manginell, M. W. Moorman, J. M. Anderson, G.
R. Burns, K. E. Achyuthan, D. R. Wheeler, and P. D. D.
Schwindt, In situ dissolution or deposition of ytterbium
(Yb) metal in microhotplate wells for a miniaturized atomic
clock, Opt. Express 20, 24650 (2012).

[39] K. I. Lee, J. A. Kim, H. R. Noh, and W. Jhe, Single-beam
atom trap in a pyramidal and conical hollow mirror, Opt.
Lett. 21, 1177 (1996).

[40] J. Pick, R. Schwarz, J. Kruse, C. Lisdat, and C. Klempt,
Compact structures for single-beam magneto-optical trap-
ping of ytterbium, Rev. Sci. Instrum. 95, 073201 (2024).

[41] R. Senaratne, S. V. Rajagopal, Z. A. Geiger, K. M. Fuji-
wara, V. Lebedev, and D. M. Weld, Effusive atomic oven
nozzle design using an aligned microcapillary array, Rev.
Sci. Instrum. 86, 023105 (2015).

014020-8

https://doi.org/10.1088/2058-9565/ac9f2b
https://doi.org/10.1063/1.4756936
https://doi.org/10.1007/s00340-016-6523-8
https://doi.org/10.1088/1361-6455/abd2d1
https://doi.org/10.1063/1.3036980
https://doi.org/10.1063/1.4802682
https://doi.org/10.1063/5.0131429
https://doi.org/10.1063/5.0140774
https://doi.org/10.1063/1.4948739
https://doi.org/10.1038/srep37321
https://doi.org/10.7566/JPSJ.86.125001
https://doi.org/10.1364/OE.17.013601
https://doi.org/10.1364/OL.35.003453
https://doi.org/10.1038/s41598-019-48168-3
https://doi.org/10.1063/5.0019551
https://doi.org/10.1103/PhysRevApplied.17.044002
https://doi.org/10.1063/5.0174674
https://doi.org/10.1007/s11661-012-1464-2
https://doi.org/10.1364/OE.20.024650
https://doi.org/10.1364/OL.21.001177
https://doi.org/10.1063/5.0203308
https://doi.org/10.1063/1.4907401

	I. INTRODUCTION
	II. OVEN DESIGN
	III. RESULTS
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


