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Optical method for measuring thermal accommodation coefficients
using a whispering-gallery microresonator
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A novel optical method has been developed for the measurement of thermal accommodation
coefficients in the temperature-jump regime. The temperature dependence of the resonant frequency
of a fused-silica microresonator’s whispering-gallery mode is used to measure the rate at which
the microresonator comes into thermal equilibrium with the ambient gas. The thermal relaxation
time is related to the thermal conductivity of the gas under some simplifying assumptions and
measuring this time as a function of gas pressure determines the thermal accommodation coefficient.
Using a low-power tunable diode laser of wavelength around 1570 nm to probe a microsphere’s
whispering-gallery mode through tapered-fiber coupling, we have measured the accommodation
coefficients of air, helium, and nitrogen on fused silica at room temperature. In addition, by applying
thin-film coatings to the microsphere’s surface, we have demonstrated that accommodation coeffi-
cients can be measured for various gases on a wide range of modified surfaces using this method.
© 2011 American Institute of Physics. [doi:10.1063/1.3631342]

. INTRODUCTION

The rate of heat transfer between a solid surface and
an ambient gas is characterized by the thermal accommoda-
tion coefficient (also known as energy accommodation co-
efficient), . It is the ratio of the actual heat transfer rate
to the rate that would be found if incident gas molecules
were reflected from the surface in thermal equilibrium with
it, so it is also the probability that a molecule colliding with
the surface equilibrates with it.""? Alternatively, the quantity
1 — « can be interpreted as the probability of an incident
molecule reflecting specularly from the surface. These co-
efficients depend on the specific properties of the material-
gas interface and are notoriously difficult to calculate from
first principles, so experimental data are not just valuable,
but essential. Accommodation coefficients have been deter-
mined using various experimental methods, most commonly
involving some variation of the hot-wire cell comprising a
heated metal filament coaxial with a metal cylinder.'~> Other
measurement techniques include parallel-plate heat transfer,*
molecular-beam surface scattering,5 and, for nanoparticles,
laser-induced incandescence.®’ Some modern applications
for accommodation coefficients are in predicting the at-
mospheric drag on satellites,! calculating the heating of
dust grains by gas collisions in interstellar space,' evaluat-
ing heat management in microelectronic or micromechanical
systems,* and particle sizing.%’

Whispering-gallery modes (WGMs) are high-quality-
factor (high-Q) optical modes of dielectric microresonators.
In a fused-silica microsphere (a few hundred um in radius),
light confined by total internal reflection and grazing the in-
ner surface, propagating around the equator such that there
are an integral number of wavelengths in the sphere’s circum-
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ference, constitutes a WGM. A microsphere can be made by
melting the end of an optical fiber, and low absorption and
scattering losses provide the high Q. Light can be efficiently
coupled into a WGM by optical tunneling from a tapered fiber
tangent to the microsphere in its equatorial plane. A WGM
can serve as a sensitive probe of its environment, through the
environment’s interaction with the WGM’s evanescent com-
ponent. For example, WGM resonances have been used for
microcavity-enhanced laser or broadband absorption spec-
troscopy of molecules in the ambient gas or liquid.®'® Mi-
croresonators have also been used as environmental probes
that make use of the temperature sensitivity of WGM reso-
nance frequencies.'!~1¢

In the work reported here, heat transfer between a bare
or thin-film-coated fused-silica microsphere and the ambient
gas is studied by observing temperature-dependent shifts in
WGM frequencies over a range of gas pressures. The micro-
sphere is heated by focusing an external laser beam onto it;
upon turnoff of the heating beam, the microsphere relaxes
back to room temperature. From its relaxation rate, observed
via the frequency shift of WGMs probed by a tunable diode
laser operating at a wavelength of about 1570 nm, we can cal-
culate the thermal conductivity of the surrounding gas (air,
helium, or nitrogen). The gas’s thermal conductivity thus de-
termined as a function of pressure in the temperature-jump
regime'™ gives us the thermal accommodation coefficient
of the gas on the bare or coated surface. This novel optical
method is employed at room temperature but any temperature
below the softening point of fused silica (~1900 K) could
be used.’> Advantages of this method include the following:
(i) because of the milliKelvin sensitivity of WGM shifts, the
microsphere needs to be heated only about 1 K above the am-
bient gas temperature, and this small temperature difference
(at least one order of magnitude smaller than in most other
methods) makes the analysis given in Sec. II an even better
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approximation;! (ii) various gases can be used; (iii) the sur-
face can be treated (e.g., silanized) or coated with a thin film,
provided only that the film is thin compared to the wavelength
and that the Q of the WGM is not severely degraded; and
(iv) the wavelength range can be chosen to minimize absorp-
tion in the gas and/or maximize the cavity Q. The results
presented here represent a significant advance over our pre-
viously reported work.'®

Il. ANALYSIS

The theoretical treatment used for analysis of thermal re-
laxation measurements in the temperature-jump regime incor-
porates several simplifying, but well-justified, assumptions.
First, the temperature throughout the body of the microsphere
is uniform at all times because its internal thermal relaxation
is very fast compared to the rate of heat transfer to the ambient
gas;17 this is discussed further at the end of this section. Sec-
ond, as the microsphere cools, heat loss occurs only through
conduction by the surrounding gas and by radiation; since the
microsphere is so small, convection is negligible (see com-
ments at the end of this section),'® and because its mounting
stems are so thin, their thermal conduction is negligible, as
demonstrated below in Sec. IV. Third, 7, defined to be the de-
viation of the microsphere’s temperature 7 above room tem-
perature Tg, satisfies T = T, — Tr < Ty (typically, T ~1 K
and T ~ 298 K), and so the temperature dependences of the
thermal conductivity and specific heats of the gas may be ne-
glected. The fourth assumption is that the actual prolate mi-
crospheroid is a perfect sphere with some effective radius a;
this is discussed in more detail later in this section and again
in Sec. IV.

The total rate of heat loss from the microsphere thus has
two parts, a component due to conduction through the gas and
a radiative component:

0=0:+0- (1)
The radiative heat loss rate is given by
0, = dna’eo (T} — Tg) = 16xa’ea T (T; — Tr)
= 16mwa’ea TAT, (2)

where € = 0.87 is the emissivity of fused silica, and o is
the Stefan-Boltzmann constant. Assume for now that a is the
measured radius of a perfectly spherical microresonator. The
conductive heat loss rate is given by the Fourier law, which for
heat transport outward through a spherical surface of radius r
reads

. 5, dTy
Q.= —4nrk—=, 3)

dr
where k is the thermal conductivity of the gas, and 7, is its
local temperature. The remaining analysis is specific to the
temperature-jump (or slip-flow) regime. Take the Knudsen
number, Kn, to be given by the ratio of the molecular mean
free path to the microsphere radius. For Kn < 0.01, the sys-
tem is in the continuum regime, and for Kn > 10 it is in
the free-molecular-flow regime. Midway between those lim-
its, the temperature-jump model applies. The majority of our
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relevant experimental data lie in the range 0.05 < Kn < 0.3,
so our system is in the temperature-jump regime.

In the temperature-jump regime, there is an apparent tem-
perature discontinuity at the solid-gas interface that increases
as the gas pressure is decreased. Approaching the surface of
the sphere, the gas temperature rises according to Eq. (3) un-
til, very near the surface, it increases more rapidly to equal
T, at r = a; without this temperature jump, the effective gas
temperature at the surface would be T,. Extrapolating the gas
temperature gradient of Eq. (3) to the sphere’s surface, the
temperature-jump distance g is defined by

dT, ).

dr dra’k’

The heat flow is assumed to be from the surface of the micro-
sphere to a distant concentric spherical surface at Ty, where
there is another temperature jump that becomes negligible as
the radius of this imaginary surface becomes infinite. 7, can
be found by integrating Eq. (3):

Q. /°° dr /TR
zc = dT,, 5
47[ a r2 T, § ( )
which gives
0.
T,=T , 6
R frak ©
and so substituting into Eq. (4) gives
. 4rak
Thus, the total heat flow rate can be written as
O = (4makgy + 167a’ea T}) T, ®)
and the microsphere-room temperature difference decays as
dT [0 1 1
— = —= = —— (47akes + 16mwa’ec T T = ——T,
dt mc mc(nag‘_’_ ma‘eoTy) 1(9)

where m is the mass of the microsphere (found from its
volume, taking the density of fused silica to be p = 2.20
x 10° kgm™3), ¢ = 741 Jkg ' K~! is the specific heat of
fused silica, and 7 is the thermal relaxation time. In Egs. (8)
and (9), the thermal conductivity of the ambient gas is given
by

k atm

1+ [(2:;1)] Kam/ 27 RT

(cptecv)pa

(10)

k —_—
1+&

a

kgas(p) =

where the continuum limit of the gas’s thermal conductivity
is taken to be its value at atmospheric pressure (k = kaym ), R 1S
the gas constant per unit mass of gas, ¢, and ¢, are the specific
heats of the gas at constant pressure and volume, respectively,
and p is the gas pressure. From the definitions of the thermal
accommodation coefficient @ and the temperature-jump dis-
tance g, the standard relation between them that is incorpo-
rated into Eq. (10) may be derived."*%!° This equation then
shows how the measured kg, decreases with decreasing pres-
sure in the temperature-jump regime, as the mean free path
becomes comparable to the radius of the microsphere. There-
fore, measuring the thermal relaxation time 7 as a function of
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TABLE 1. Properties of the various ambient gases used in this work.

Gas kagm (W/mK) R (kl/kg K) ¢p (kl/kg K) ¢, (kJkg K)
Air 0.0259 0.287 1.01 0.718
Helium 0.155 2.077 5.19 3.12
Nitrogen 0.0259 0.297 1.04 0.743

pressure determines experimental values of kgas(p) according
to Eq. (9), and fitting those data to Eq. (10) gives the thermal
accommodation coefficient «.

Since the microresonators used in this work are not
perfectly spherical, but approximately prolate spheroids, the
model fitting proceeds in a different manner. Equation (10)
is substituted into Eq. (9) to produce a model for 1/t vs. p
that is fit to the data found from the measured thermal relax-
ation times t and pressures p to determine the effective radius
a and the accommodation coefficient « and their uncertain-
ties. A two-parameter nonlinear least-squares fit is used, with
effective-variance weighting? to take account of uncertain-
ties in p as well as in 1/7. Experimental values of kg, (p) are
then found using the following relation derived from Eq. (9):

pca’

Keas —dago T}, (11)

3t

and plotted with the model curve from Eq. (10) for compar-
ison. Values of the particular gas parameters used here are
given in Table L.

Some further justification of our first two assumptions
will now be given. A uniform temperature distribution within
the microsphere can be assumed because its Biot number (Bi)
is small compared to 1.2! For a sphere, the Biot number is
given by a particularly simple expression:

ha . kgas

i=— =2
kps Ky

(12)

where h is the surface heat transfer rate, and kg
= 1.38 W/m K is the thermal conductivity of fused silica. The
maximum value of the Biot number is thus kym/kgs, and in
our experiments its range is 0.02 < Bip,x < 0.10. Convection
can be neglected because the system’s Grashof number (Gr)
is less than 7 x 1073 in all cases.?” Since the Prandtl num-
ber of the gases used is approximately Pr = 0.7, this means
that the Rayleigh number, Ra = GrPr, is never larger than
5 x 1073, and thus heat loss due to convection makes a negli-
gibly small contribution to the total.

lll. EXPERIMENTAL SETUP AND METHOD

The thermal relaxation time t at a selected pressure is
found by measuring the time dependence of the WGM fre-
quency shift as the heated microsphere cools back to room
temperature, after the focused laser beam that heats it is turned
off. The microsphere is mounted, polar axis (stem) vertical,
inside the cylindrical vacuum chamber shown in the experi-
mental setup illustrated in Fig. 1. The vacuum chamber is 20
cm in diameter and 11 cm high and has a transparent top plate
and side windows for viewing. Using a mechanical pump, the
gas pressure in the chamber can be reduced from atmospheric
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FIG. 1. Experimental setup. A fused-silica microsphere is mounted inside a
vacuum chamber in which the ambient gas and pressure are controlled. Af-
ter the microsphere is heated by a diode-pumped solid state (DPSS) laser, its
WGM frequency spectrum is probed by light from a frequency-scanned cw
diode laser that is launched into a bi-tapered fiber to excite TE or TM modes.
A polarizing beamsplitter (PBS) separates throughput of the two polariza-
tions.

pressure (760 Torr; 1 Torr = 133.3 Pa) to about 1 mTorr. The
other valve controls the intake of the gas being used, either
room air or high purity helium or nitrogen. Not shown in
Fig. 1 are the two capacitance manometers (MKS Baratron
model 122B, 10 and 1000 Torr ranges) used for pressure
measurement. The manometers are calibrated to atmospheric
pressure, to zero pressure (1 mTorr is below their resolution
limit), to each other, and to a thermocouple gauge on the pump
station.

Light from a cw tunable diode laser (New Focus model
6328, linewidth < 300 kHz) is fiber-coupled into a lithium
niobate Mach-Zehnder amplitude modulator, from which it
exits into a single-mode optical fiber that passes through a po-
larization controller before being fed into the vacuum cham-
ber, where its adiabatic bitapered region is brought into con-
tact with the microsphere for evanescent excitation of WGMs.
This coupling fiber was tapered to a diameter of 2-3 um
using the flame brush technique; its position is controlled
by 3D stages located outside the chamber. The polarization
controller seen in Fig. 1 is adjusted to ensure that WGMs
of a single polarization (transverse electric, TE, is vertical;
transverse magnetic, TM, is horizontal) are excited, and af-
ter the fiber is fed out of the chamber the throughput is de-
tected by one of two Newport 818-IR detectors, depending
on polarization. The modulator is normally off, but can be
turned on to provide a square-wave intensity modulation; the
throughput response to the square-wave input tells us whether
a WGM is undercoupled or overcoupled (intrinsic or cou-
pling loss dominant, respectively) without changing the ge-
ometry of the system. That information is not needed for the
results presented here. The 532-nm heating beam of about
1-2 W comes from a frequency-doubled Nd:YVO, diode-
pumped solid state (DPSS) laser (Spectra-Physics Millennia)
and is focused through a side window onto the microsphere
as shown in Fig. 1.
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As the diode laser is scanned in frequency, the position
of each WGM is marked by a Lorentzian dip in the through-
put power. In these experiments, the external beam heats the
microsphere to ~1 K above room temperature and is then
turned off. At wavelengths around 1570 nm, the WGM reso-
nance frequency is expected to redshift by ~1.6 GHz for each
Kelvin increase in temperature. This shift is primarily due
to the temperature-dependent change in refractive index,?
augmented by the effect of thermal expansion. Measure-
ments performed under conditions of controlled heating of
the entire vacuum chamber yield an average linear redshift of
1.60 GHz/K. Displacement of a WGMs throughput dip from
one scan trace to the next is analyzed to find the relaxation
time constant as the microsphere returns to room temperature.
This is done over a wide range of pressures from 30 mTorr to
760 Torr. Fitting the inverse thermal relaxation time vs. pres-
sure data determines the effective radius and thermal accom-
modation coefficient as discussed earlier. A typical WGM in a
bare or coated microsphere will have a Q of about 3 x 107 (in-
cluding coupling losses) and thus its throughput dip will have
a full width at half-maximum depth of about 6 MHz, result-
ing in a temperature-change measurement sensitivity of about
1 mK. For some surface-treated or coated microspheres, Q
tends to be about an order of magnitude lower, changing the
temperature resolution to about 10 mK. Therefore, a maxi-
mum 7 of 1 K or so is more than adequate for determination
of a.

The diode laser is scanned up and down in frequency by a
triangle wave; the scan rate had previously been calibrated by
reference to fiber resonator transmission fringes. Ideally, the
scan would be linear in time and have the same rate in both
directions, but in practice there is a slight residual scan nonlin-
earity due to hysteresis in the piezoelectric actuator that scans
the diode laser’s frequency. Thus, mode-shift measurements
from the two scan directions are averaged to reduce error.

IV. RESULTS
A. Single-stem microspheres

In these initial experiments, the accommodation coeffi-
cient of air on bare fused silica was found, using microspheres
formed by melting the end of a tapered fiber. Data for two
such microspheres, along with the fitted Eq. (10), are pre-
sented in Fig. 2.

The two microspheres represented in Fig. 2 were slightly
prolate; the larger one had an effective radius, determined
from the least-squares fit of 1/t vs. p described in Sec. II
above, of a = 179 & 1 um and a stem diameter of 10 pm; the
smaller one had an effective radius of @ = 78 == 1 um and a
stem diameter of 20 wm. The horizontal error bars on the data
points reflect the 20-mTorr pressure measurement precision;
the vertical error bars reflect the uncertainties in the measured
thermal relaxation times, combined via standard error propa-
gation with the uncertainty in the fitted effective radius. The
accommodation coefficient of air on fused silica found by fit-
ting the 1/t vs. p results from the larger sphere, « = 0.770
=+ 0.012, is consistent with literature values.! However, in this
case heat loss by stem conduction is not negligible for the
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FIG. 2. Thermal conductivity of air vs. pressure, measured using two bare
single-stem microspheres of different effective radii a and different stem di-
ameters. The lines are the fitted Eq. (10); the fit gives &« = 0.770 £ 0.012 for
the larger sphere (@ = 179 £ 1um, red, upper curve) and o« = 0.997 + 0.012
for the smaller sphere (a = 78 £ 1um, blue, lower curve).

smaller sphere, so the fit gives an anomalously large « value
(0.997 £ 0.012).

To see how thin the stem must be for its heat conduction
loss to be negligible, consider adding a term representing its
heat conduction to Eq. (8):

. 47Taka[m 2 3 szkfs
0=—"5"+16ma’eoTy + T, (13)
1+ a Lstem

where b is the radius of the stem, and L.y is its length
(distance from microsphere to heat sink at room tempera-
ture). Evaluating the three terms in Eq. (13) for the small
sphere at low air pressure (g/a = 15), with a = 78 um, kym
=0.0259 W/mK, Tp =298 K, b = 10 um, kg, = 1.38 W/mK,
Lgem =2 mm, and 7 = 1 K gives 1.5, 0.40, and 0.22 W for
the air conduction, radiation, and stem conduction heat loss
rates, respectively. Clearly, stem conduction is not negligible.
For the larger sphere, the three terms are 3.5, 2.1, and 0.05
1W, so stem conduction may be small enough to be negligi-
ble. In order to be able to definitively neglect its heat conduc-
tion, the microsphere’s stem needs to be quite thin. Unfortu-
nately, a very thin stem makes rigid mounting of the micro-
sphere difficult; this problem was overcome by fabricating mi-
crospheres with two stems. With two stems of radius 1.8 um
and 4 mm length each, and a microsphere radius of 320 um,
the three terms are 6.0, 6.4, and 0.007 uW, respectively, and
we can be confident that stem conduction may be neglected.

B. Double-stem microspheres

In this section, we first discuss some improvements to
the method and then present experimental results, for bare
and coated fused-silica microspheres in three ambient gases.
The experiments described above and our previously reported
results'® have a lot of data scatter. This is because the probe
power from the tunable diode laser was high enough to cause
slight heating of the sphere; the data scatter is due to fluc-
tuations in the temperature of the sphere owing to differing
heating efficiencies for different resonant WGMs excited dur-
ing a frequency scan. To avoid this problem, the experiments
described below are run at very low probe powers (<1 uW),
scaled down from the 0.2-0.4 mW used earlier.
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FIG. 3. Photograph of a bare fused-silica microsphere with two thin stems.
This one has an effective radius in air, as defined in the text, of 290 £ 1 um.

To minimize heat loss by stem conduction and allow for
rigid mounting, microresonators were fabricated from opti-
cal fiber in such a way as to have very thin stems at both
poles; an example is shown in Fig. 3. The two stems can be
made very thin, tapering to diameters of only about 3 pm.
These microresonators are made by mounting two stripped
and cleaned fibers into the two uniaxial translation stages of
our taper puller so that they meet end-to-end and then gen-
tly heating their junction with a hydrogen-oxygen torch while
pushing them together. Stronger heating then forms a micro-
sphere; subsequently, each stem is flame-brush heated and
stretched by pulling it away from the resonator with its trans-
lation stage until the stem tapers to the desired diameter. The
two stems are then epoxied to a rigid mount before being re-
moved from the translation stages.

These two-stem microresonators are more or less highly
prolate spheroids but are treated as spheres with an effective
radius found from the fit of the model to the 1/t vs. p data
as described in Sec. II. In all cases, it was found that this ef-
fective radius is just slightly larger than the minor radius of
the spheroid, perhaps because of the effect of tapering at the
poles (Fig. 3). Alternatively, for a spheroid, its major and mi-
nor radii could be combined to give expressions for the ef-
fective radius of a sphere with the same volume, for the ef-
fective radius of a sphere with the same surface area, and for
the global average of the local mean radius of curvature.?*
Each of these effective radii would appear at different points
in the derivation of Eqgs. (9) and (10) for a prolate spheroid.
These modified equations could be used for analyzing the data
from perfect spheroidal microresonators by using the mea-
sured minor and major radii and doing a one-parameter fit to
find the accommodation coefficient. However, our resonators
are not perfect spheroids because of the tapering at their poles.
This tapering introduces an uncertainty of about 15% in de-
termining the major radius, negating any advantage of using
this three-effective-radius model, so the simpler method was
used, treating the microresonator as a sphere of effective ra-
dius a, found along with the accommodation coefficient by a
two-parameter fit.

In this work, the ambient gas will interact with the surface
of a fused-silica microsphere that has been prepared in one of
several ways. Different surfaces are obtained by using: (i) bare
spheres; (ii) spheres coated with a 1-nm-thick film of the poly-
electrolyte polydimethyldiallylammonium chloride (PDDA);
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FIG. 4. Thermal conductivity of air vs. pressure, measured using a bare mi-
crosphere. The line is the fitted Eq. (10); the fit gives effective radius a = 290
=+ 1 um, and thermal accommodation coefficient @ = 0.745 £ 0.006.

and (iii) spheres with their surfaces silanized with aminosi-
lane to provide a surface layer of amine groups, limiting the
adsorption of water from the ambient gas. The PDDA coat-
ing was applied by immersing the microsphere for an hour in
a 0.5% aqueous solution,?® followed by rinsing in deionized
water to remove any unbonded PDDA. After coating, the cav-
ity’s quality factor was compared to the quality factor before
coating and no appreciable change was observed.

Silanization with different silane compounds can be done
to provide a treated surface ranging from hydrophobic to
polar.”®?7 Silanization of the microsphere with aminosilane,
as done here, makes the surface more hydrophobic. Dur-
ing the silanization reaction, —Cl, -OCHj3;, and -OCH,CH3;
groups are converted to —OH groups and these —OH groups
react with other —OH groups on the surface of the silica micro-
sphere. These reactive alkoxy groups crosslink with the silica
surface to different extents. We dipped the bare microsphere
in a 5% solution of 3-aminopropyltriethoxysilane in a 95%
ethanol-5% water mix for 30 min, then subsequently rinsed
it with ethanol and dried it in a 120°C oven.'? The Q of the
microresonator after silanization is usually reduced by some-
what more than an order of magnitude.

Results using the two-stem microspheres in air are
given in Figs. 4-6, where, as in Fig. 2, the effective ra-
dius and accommodation coefficient are determined from the

0.030
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£ 0.015

20,010

0.005

0.000

1 10 100
p (Torr)

FIG. 5. Thermal conductivity of air vs. pressure, measured using a PDDA-
coated microsphere. The line is the fitted Eq. (10); the fit gives effective radius
a =391 % 1 um, and thermal accommodation coefficient = 0.802 £ 0.011.
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FIG. 6. Thermal conductivity of air vs. pressure, measured using a micro-
sphere silanized with aminosilane. The line is the fitted Eq. (10); the fit gives
effective radius @ = 344 £ 1 um, and thermal accommodation coefficient o
=0.767 + 0.008.

least-squares fit of 1/t vs. p data as described in Sec. II above,
the horizontal error bars on the data points reflect the 10-
mTorr pressure measurement precision, and the vertical error
bars reflect the uncertainties in the measured thermal relax-
ation times, combined with the uncertainty in the fitted effec-
tive radius. The results in Fig. 4 give « of air on fused silica
to be 0.745 4 0.006. The « value for air on PDDA was found
to be 0.802 £ 0.011 (Fig. 5). For air on silanized fused silica,
a was found to be 0.767 + 0.008 from Fig. 6. The higher «
for air on PDDA reflects the porosity of the coating and per-
haps also the somewhat increased surface charge (of opposite
sign from that of bare silica). These and all other results for
accommodation coefficients are summarized in Table II at the
end of this section.

The o value for helium on fused silica is found to be
0.394 £ 0.003, from the fit to the data shown in Fig. 7. The
thermal accommodation coefficient of helium is significantly
lower than that of air; this is attributable to the lower atomic
mass, which leads to a shorter mean interaction time with the
surface. This difference is consistent with previous observa-
tions reported in the literature.! Measurements using helium
were also performed on PDDA-coated and silanized spheres,
and the results are included in Table II.

Similarly, the thermal accommodation coefficient of ni-
trogen on bare fused silica is found to be 0.796 £ 0.011. The
value is somewhat different from that obtained for ambient
air on fused silica. The difference may reflect some system-

TABLE II. Summary of measurements of thermal accommodation coeffi-
cient «, of various gases on different surfaces, using a fused-silica micro-
sphere of effective radius a as the substrate.

Gas Surface Resonator a (um) o

Air Bare #2 290 £ 1 0.745 £ 0.006
Air PDDA #3 391£1 0.802 £ 0.011
Air Silanized #4 344 + 1 0.767 £ 0.008
Helium Bare #2 299 £ 1 0.394 + 0.003
Helium PDDA #3 406 + 4 0.339 £ 0.009
Helium Silanized #4 356+ 3 0.372 + 0.009
Nitrogen Bare #1 429+ 1 0.796 £ 0.011
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FIG. 7. Thermal conductivity of helium vs. pressure, measured using a bare
microsphere. The line is the fitted Eq. (10); the fit gives effective radius a
=299 + 1 pm, and thermal accommodation coefficient « = 0.394 4 0.003.

atic errors that are not accounted for in our procedure, such as
an offset in the pressure measurement.

In all experiments using the two-stem microspheres, the
vacuum chamber was held at minimum pressure for a long
time (~100 h) before measurements were made with increas-
ing pressure. This ensures that the surface water coverage is
reduced to less than 10% of the monolayer that is the typical
atmospheric-pressure equilibrium value. Table II summarizes
our results for air, helium, and nitrogen on various surfaces.
The two parameters determined by fitting the model to our
data, the effective radius, a, and the accommodation coeffi-
cient, «, are listed for each case. The variation in effective
radius with gas may be seen by noting which microresonator
was used for each entry in Table II. The larger effective radius
for a given resonator when used in He may be related to the
fact that the temperature-jump distance g is about three times
larger for He than for air.

V. CONCLUSIONS

In conclusion, a novel method is presented for measur-
ing thermal accommodation coefficients of various gases on
a wide range of surfaces. The temperature sensitivity of the
resonant frequencies of WGMs in a microsphere has been
employed to measure the thermal conductivity of the ambi-
ent gas as a function of pressure. Measuring the thermal re-
laxation time to determine kg, vs. p, and fitting the results to
the temperature-jump model of Eq. (10), determines the value
of the thermal accommodation coefficient of the gas on the
microsphere surface, coated or uncoated. Our measurements
were made at room temperature but the method is not limited
to temperatures near room temperature. Since these measure-
ments can easily be done with diverse gases, using different
surface coatings (there is a lot of flexibility in choosing coat-
ing materials, as long as the deposited film is thin compared
to the wavelength), a large variety of gas-surface interactions
can be studied. The precision of these measurements is quite
good (~1%), so the prospect of using this technique for more
extensive thin-film characterization in the presence of vari-
ous gases is promising. This method can also give valuable
information about contaminants present on the surface and
can be applied to other surface chemistry studies. This optical
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technique using microresonators is very flexible and well
suited to making these measurements and so adds a new
method for the study of thermal transport processes involv-
ing the interaction of gases with surfaces.
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