Wavelength references for interferometry in air

Richard W. Fox, Brian R. Washburn, Nathan R. Newbury, and Leo Hollberg

Cavity-mode wavelengths in air are determined by measuring a laser’s frequency while it is locked to the
mode in vacuum during a calibration step and subsequently correcting the mode wavelength for atmo-
spheric pressure compression, temperature difference, and material aging. Using a Zerodur ring cavity,
we demonstrate a repeatability of =2 X 107® (3¢), with the wavelength accuracy limited to =4 X 10~® by
knowledge of the absolute helium gas temperature during the pressure calibration. Mirror cleaning
perturbed the mode frequency by less than Av/v ~ 3 X 107° limited by temperature correction

residuals.
OCIS codes:

1. Introduction

Commercial frequency-stabilized He—Ne lasers typi-
cally have a frequency uncertainty of a few parts in
108 or smaller, and in vacuum the laser beam’s wave-
length uncertainty (AN/\) is fractionally equivalent,
although of opposite sign. The wavelength uncer-
tainty AN/\ is appreciably larger in air owing to un-
certainties in the index of refraction, which can affect
the accuracy and repeatability of interferometric mea-
surements. There are of course many other potential
errors of interferometric measurement, such as cosine
error, Abbé error, dead-path error, polarization-mixing
nonlinearities, and thermal drifts of the optics. How-
ever, especially for longer interferometer path lengths,
wavelength uncertainty can be a significant part of the
error budget.

Air movement causes fluctuations of the refractive
index and hence of wavelength that increase the
variance of the interferometer’s phase in a given mea-
surement interval or averaging time. The measure-
ment precision is often limited by these wavelength
fluctuations in applications with air flow and rela-
tively short averaging times, for instance, motion
stages.! Consequently, increasingly precise knowl-
edge of the average wavelength over a longer time
interval is generally not useful unless the fluctua-
tions can be reduced or compensated for in some way.
Low-finesse air-spaced etalons of arbitrary length are
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sometimes used for compensation,2 but absolute ac-
curacy requires information from another source,
such as measuring a known standard with the inter-
ferometer system or estimating the average wave-
length from environmental measurements. Two-color
techniques that derive changes in the refractivity
from interferometric measurements of the same path
at different colors have also been shown to reduce
fluctuations.! The degree of compensation will de-
pend on the correlation between the air in the actual
measurement path and the compensation path.3

Most often the beam’s average wavelength is de-
termined by use of a refractive-index model and
careful measurements of the air’s environmental pa-
rameters. Agreement of a model with refractivity
measurements has been shown to at least a few parts
in 1084 However, to achieve a wavelength uncer-
tainty (30) of even 1 part in 10" by this method in a
routine manner in an industrial setting is not trivial.
For instance, this task requires absolute measure-
ment of the average air temperature along the inter-
ferometer path to =100 m°C. Such accuracy requires
careful calibration at regular intervals and attention
to error sources such as self-heating of the thermistor
or platinum resistance temperature detector, which
is air-flow velocity dependent.

An alternative approach of using one or more res-
onances of a stable optical cavity to provide wave-
length information in air has been explored in recent
years.>® In a manner similar to etalon-based com-
pensation, a moderate finesse cavity can offer re-
duced wavelength fluctuations but can also supply
accurately known wavelengths without the need for
precision air-temperature measurements (Fig. 1).
The wavelength and frequency of a cavity mode are
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Fig. 1. Example of a cavity wavelength reference used with a
homodyne Michelson interferometer. A portion of the interferom-
eter source illuminates a triangular three-mirror air-spaced refer-
ence cavity, and the tunable laser is electronically servocontrolled
to remain locked to a cavity mode that has a known wavelength.
The reference cavity is placed in close vicinity to the interferometer
beams to maximize the correlation between the refractive index of
the air in the cavity and in the interferometer path.

approximately N = L/m and v = mc/nL, respectively
(m represents the mode number, L the round-trip
path length, and n the index of refraction). With a
tunable laser locked to a cavity mode, the wavelength
of the light in the cavity remains constant because
the laser’s frequency is adjusted (inversely) propor-
tionally to any index-of-refraction change of the air in
the cavity. In particular, length measurements have
been demonstrated by use of a Fabry—Perot cavity
wavelength reference at 633 nm that was calibrated
with an iodine-stabilized He—Ne laser.” The technol-
ogies to create stable reference cavities, tunable la-
sers, and locking electronics have been available for
some time, although the means to measure easily the
frequencies of arbitrary reference modes and there-
fore the mode wavelengths has not.

Now, with the advent of femtosecond comb fre-
quency measurements,’® a cavity mode’s resonant
frequency and hence wavelength can easily be mea-
sured in vacuum during a calibration step. Subse-
quently, in air, the cavity mode can serve as a
wavelength reference as long as any vacuum-to-air
change of the physical size is properly accounted for.
In fact, a number of small corrections are necessary to
compensate for changes in size since calibration. The
corrections and their maximum magnitudes are for
atmospheric pressure compression (AL/L = AN/\
~ 1079, temperature (=10 "), and material aging
(=1077). These value’s are quite small compared to
the air’s refractivity (=2 X 10°*) that must be com-
pensated for when one is using a frequency-stabilized
laser to provide a known wavelength in air. In addi-
tion, this method can provide several accurately
known wavelengths simultaneously, facilitating
multiple-wavelength interferometry applications. The
primary challenges to obtaining air-wavelength uncer-
tainties approaching AN/A ~ 10® appear to be an
accurate accounting of the cavity’s contraction caused
by atmospheric pressure!! and, as we discuss here,
the ability to measure properly the effective temper-
ature of the low-thermal-conductivity cavity spacer.
Periodic calibrations, similar to those required for
other precision instruments, may be necessary to en-
sure the highest accuracy.
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In this paper we demonstrate the absolute calibra-
tion of a mode wavelength by means of femtosecond-
comb frequency measurements and present frequency
measurements spanning eight months. We also
present cavity-mode frequency measurements before
and after the mirrors are cleaned, as contamination of
the mirror surfaces appears to be an important issue in
the design of absolute resonant air-wavelength refer-
ences. The paper is organized as follows: First, in Sec-
tion 2 we discuss resonant wavelength references. In
Section 3 we present our method of optical frequency
measurement the apparatus used; the measurements
are reported and discussed in Section 4.

2. Cavity Wavelength References

High-quality wavelength reference cavities would be
fabricated from a low-thermal-expansion spacer and
optically contacted or silicate-bonded mirrors.’2 We
have fabricated cavities by using both Zerodur!? and
ULE glass# as the spacer material, but the frequency
measurements reported in this paper pertain to the
Zerodur cavities only. We consider ring cavities ex-
clusively, as this reduces optical feedback problems
and avoids the use of expensive optical isolators. We
can write the resonant wavelength of an optical cav-
ity TEM,, mode as

N s
m

where \,, is the wavelength of the light in the cavity,
or in air with the same refractive index as the cavity
medium. L is the round-trip physical path length, m
is the longitudinal mode index, and ¢()\) is the cumu-
lative phase shift that is due to reflection accumu-
lated during a single round trip of the cavity. i
represents the geometry-dependent Gouy phase shift
over a single round trip of the cavity.!> Equation (1) is
the direct result of requiring an integer number
of phase cycles in one round trip of the cavity,
@2mL)/N + o(\) + g = 2mm. We discuss the stability
of each variable in Eq. (1) to gain insight into how
stable \,, can be. Our present research has utilized
modes with m = 1.7 X 10°, a 25 cm ring-cavity path
length, and N ~ 1.48 pm, chosen because of the
availability of low-cost high-power (~20 mW) fiber-
coupled distributed-feedback (DFB) lasers. Return-
ing a tunable laser to the previously calibrated mode
(same longitudinal mode index m) is an important
consideration, and a simple method to accomplish
this by use of a small auxiliary air-spaced cavity has
been demonstrated at 633 nm.”

The denominator terms ¢(\)/2m and {s;/2m are of
the order of 1 or less; thus a wavelength uncertainty
of AN/\ < 1078 requires only ~0.1% stability of these
terms between calibrations, as is evident by inspec-
tion of Eq. (1) with L and m constant (and large). With
regard to the stability of the phase shift on reflection,
we are utilizing mirrors with ion-beam sputtered di-
electric coatings of Ta,05; and SiO,. Such coatings are
dense, nonporous, and environmentally stable and



may easily be cleaned without damage. We have no
evidence that significant changes in the reflection
phase shift owing to humidity or other environmental
factors occur, but we note that tests of the actual
wavelength stability in air or tests with cavities of
different lengths® will be required for proof of the
validity of this statement. Any temperature depen-
dence of the coating phase shift is included in the
cavity temperature compensation. The Gouy phase
shift is slightly wavelength dependent; however, the
change is completely negligible here because the ref-
erence mode’s actual (uncorrected) wavelength is suf-
ficiently stable.

In practical terms, the wavelength stability of the
reference depends on how well the temperature, pres-
sure, and aging dependence of cavity length L can be
compensated for. The cavity’s temperature depen-
dence can be determined by several measurements
over a near-room-temperature range, and subse-
quent temperature monitoring allows a first-order
correction to be made in the wavelength. Such pas-
sive monitoring seems preferable to active tempera-
ture control, which would perturb the surrounding
air temperature. With temperature sensors perma-
nently bonded to the wavelength reference before cal-
ibration, only the sensor’s repeatability, not the
absolute accuracy, is important. In fact, although cav-
ity temperature and atmospheric pressure must be
monitored and compensated for to account for any
changes of the cavity length, the required accuracy of
these environmental measurements is far less than is
necessary to gain the same performance from a
refractive-index model.

Indeed, one can estimate a reference wavelength
uncertainty owing to temperature of AN/N = =1
X 10~? by using a nominal temperature coefficient of
a = *£20 X 107° /°C together with an uncertainty of
the relative temperature difference since calibration
of +0.05 °C. However, we show results in Section 4
below that suggest that temperature-related issues
limit the resolution of our present system to AN/\
= +2 X 107®(30). This corresponds (through the
measured temperature coefficient) to an effective
path-length temperature uncertainty of =0.5 °C, far
above the random noise level of the array of temper-
ature transducers fixed to the cavity. We believe that
the temperature compensation is limited by our tem-
perature sensing of only six discrete points of a 25 cm
path length in a low-thermal-conductivity structure
and also by thermal hysteresis of the Zerodur spacer.
Note that to meet even this nonoptimum level of per-
formance by way of index-of-refraction calculations is
hardly possible, as it would require an absolute-
temperature measurement of the air accurate to
+20 m°C along with confidence that the refractive-
index model was valid to this precision.

Likewise, practical considerations limit the ability
to compensate, or correct, for the wavelength shift
that is due to the pressure-induced contraction of the
cavity. The theory of mechanical deformation of

simple structures under isotropic pressure is well
known.!! The linear contraction under pressure of
10° Pa (760 Torr) is approximately AL/L ~ 10 % in
the case of ULE glass and almost a factor of 2 smaller
for Zerodur. Thus for ULE it would seem that a pres-
sure measurement accurate to 1% would be adequate
to correct the reported wavelength (measured in vac-
uum) to atmospheric pressure with a fidelity of
AN/N = 1078, However, to calculate the change in the
cavity size (and hence in the mode wavelength) to a
precision of AL/L ~ 10 ® based on theory would re-
quire knowledge of Young’s modulus and Poisson’s
ratio accurate to 1% and 2%, respectively. These pa-
rameters are not guaranteed so precisely by the glass
manufacturers. The change in cavity size can also be
determined by frequency-shift measurements in con-
junction with refractive-index measurements.

However, we were not certain that we could mea-
sure the absolute average index of refraction of air in
the cavity path to much better than 1 part in 10"
Therefore we measured the pressure-induced con-
traction by placing the cavity in a pure helium envi-
ronment. Helium is an excellent choice because its
refractivity (n — 1) is nearly a factor of 10 lower
than that of air (ng, = 1.0000324 at 20 °C, 10° Pa,
632.8 nm) and from first-principle calculations is
known to approximately the 107'° level.16 As Stone
and Stejskal’® pointed out, the attainable uncertainty
of the refractive index would normally be set by the
pressure or temperature measurement of the helium
gas, or by impurities in the gas. Our present wave-
length uncertainty is limited by the absolute-
temperature uncertainty (+0.4 °C) of the helium gas
used to calibrate the pressure change.

Wavelength correction for changes in physical
length of the cavity path length owing to aging of the
glass is relatively important with Zerodur, a glass
ceramic material. Optical resonator length contrac-
tion of the order of AL/L ~ 1077 per year for new
Zerodur cavities with optically contacted mirrors has
been observed.l'” For ULE cavities held isother-
mally in vacuum, apparent aging rates of =—3.7
X 107? year ' (Ref. 18) and =—5.5 X 10"? year * (Ref.
19) have been observed. Periodic frequency measure-
ments allow us to remove the first-order trend, as we
demonstrate in Section 4 with a logarithmic fit to the
Zerodur cavity frequency-versus-time data. With re-
gard to a wavelength reference fabricated with ULE,
we expect that the uncertainties after correction will
be limited by temperature-associated effects rather
than aging.

Contamination of the mirror surfaces in air is a
potential error source of a cavity-based wavelength
reference. The magnitude of the potential problem
will scale inversely with cavity size and will be influ-
enced by the operating environment. In a typical
room environment, water molecules will be present in
large quantities on the mirror surface. Simple anal-
ysis of L ~ 25 cm length cavities indicates that
several molecular layers of water will not be a signif-
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Fig. 2. Beam path and locations of the temperature sensors are
superimposed upon this photo of the Zerodur optical cavity wave-
length reference. A moderately sized cavity (25.2 cm round-trip
path) was chosen to reduce the influence of mirror contamination.
Six temperature sensors were bonded with thermally conductive
epoxy to monitor the effective temperature of the cavity. The Ze-
rodur base is 7.6 mm thick, and the sidewalls are 5 mm thick. All
the inside corners were filleted and, following standard glass-
fabrication procedures, the part was acid treated after milling to
improve the glass strength. The average temperature (to 1 mK
resolution) of the six sensors was recorded during each frequency
measurement.

icant error term. Even so, we note that our frequency
measurements are performed in only a moderate vac-
uum (=0.1 Pa) without baking, and significant water
is still present on the mirror surfaces during the mea-
surement. Consequently the vacuum wavelength cal-
ibration to a large extent should account for the
surface water. Perhaps more important is the effect of
the ever-present dust and room particulate settling
on the mirrors. Advantageous cavity designs will pro-
tect the mirrors while at the same time permitting a
free flow of air and easy mirror cleaning.

The cavity described here (Fig. 2) is a rectangular
ring resonator with a path length of 25.2 cm that has
four Zerodur mirrors optically contacted to a Zerodur
spacer. (Note: The material was standard Zerodur,
not Zerodur-M.) ULE glass is a preferable candidate
material in terms of aging, possible temperature-
induced hysteresis, and also transmission at 1479
nm; however, Zerodur was used for this prototype
cavity because of other nontechnical constraints. We
specifically chose a four-mirror, 45° angle of incidence
design to study the cavity’s polarization-dependent
dispersion characteristics in addition to the fre-
quency measurements that we are reporting on here.
The mirror mounting surfaces were specified in a
square pattern with a tolerance of =5 arc min that
earlier tests showed would be sufficient to achieve
cavity alignment by adjustment of the input beam
alone. Two of the mirrors are flat, while the other two
have a 50cm curvature, and all the mir-
rors have the same 99.5% front—side reflectivity (at
1479 nm) with a rear antireflection coating.
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Fig. 3. Experimental diagram showing the cavity in a vacuum
chamber with external alignment mirrors. The cavity was placed
in the chamber unclamped upon a thin Teflon surface to prevent
distortion caused by stress and temperature differences, with re-
peatable positioning to ease beam alignment provided by a metal
stop. A DFB laser was locked to a cavity mode by injection current
modulation by the Pound—Drever—Hall technique.2? A fraction of
the light was transmitted via fiber to a femtosecond laser comb
some 200 m away for an optical frequency measurement.

3. Frequency Measurement Apparatus

We determined the wavelength of a mode of the ref-
erence cavity by measuring the optical frequency of
the mode in vacuum. We performed our optical fre-
quency measurements by locking a test laser to the
wavelength reference cavity mode and measuring the
heterodyne beat note frequency between the test la-
ser and a femtosecond laser comb mode. An experi-
mental diagram is shown in Fig. 3. In this section,
first we discuss the relationship of the test laser to
the reference cavity-mode center and then we discuss
the heterodyne beat identification and measurement.

A. Test-Laser Lock Considerations

We have chosen by design a cavity-mode linewidth of
no more than a few parts in 10° so that certain locking
issues are rendered unimportant for the wavelength
reference performance. For instance, one can accom-
plish locking of a tunable extended-cavity diode laser
to a cavity fringe without an expensive external mod-
ulator by simply modulating the laser.2! The modu-
lation width can be small compared with the cavity
linewidth, and the modulation rate needs only to be
large compared with the desired feedback bandwidth.
However, the associated intensity modulation often
causes a slight offset from line center that may
change with time and, for instance, with the position
and temperature of the cable wiring to the laser.
Designing the system such that the required stability
is roughly equivalent to the fringe width makes this
issue unimportant, along with similar problems that
are due to rf pickup. We used a DFB diode laser as
our test laser and locked it to the p-polarized mode at
1479.4153 nm (mode line width,~3.8 MHz). The in-



jection current of the DFB diode laser was modulated
at 28 MHz, and we checked the offsets that were due
to intensity noise and rf pickup by moving the system
cables and then measuring the absolute laser fre-
quency. All offset related frequency changes were less
than +100 kHz, equivalent to AA\/A =5 X 107,

Optical alignment is another factor that can affect
the test laser’s frequency relative to the cavity-mode
center. The spatial coupling to the cavity mode was
excellent because of the use of single-mode fiber be-
fore the cavity, with more than 97% of the laser power
coupled to the fundamental mode. As small align-
ment changes occur as a result of mechanical drift of
the input mirrors, we expect slight changes of the
residual transverse mode amplitudes. If one of the
modulation sidebands is perturbed by such changes
of a nearby transverse mode, the resultant imbalance
will act to shift the laser slightly from line center.
We checked the possible magnitude of such a
misalignment-induced frequency offsets by purposely
misaligning the input beam. While the input beam
was locked to a fundamental mode, we caused a gross
misalignment that reduced the mode amplitude in
half while it increased the coupling to many trans-
verse modes. The optical frequency shifted by 300
kHz, equivalent to AA/A = 1.5 X 107°. The actual
alignment-induced errors during our frequency mea-
surements were certainly much less, as the power
output of the cavity was monitored during measure-
ments to ensure that it was always at the nominal
level.

We also checked for an optical power dependence of
the mode frequency, which could be due, for instance,
to absorption in the dielectric coatings. As the circu-
lating power was adjusted in steps from 11 to 57mW,
no trend was observed in the measured frequency to
the resolution limit of our present method of fre-
quency measurement, +10 kHz, equivalent to AN/\
=15 x 10",

B. Frequency-Comb Issues

We turn now to the measurement of the test-laser
frequency with the fiber-laser based frequency comb.
Several milliwatts of light from the DFB test laser
was split by a fiber coupler and transmitted 200 m
via single-mode fiber to a fiber-based femtosecond
laser.22 The femtosecond laser had a repetition rate of
approximately 50 MHz that was locked to a labora-
tory synthesizer referenced to one of the hydrogen
masers of the National Institute of Standards and
Technology time scale.23 We give only a cursory ex-
planation of the femtosecond comb laser measure-
ments here, as the techniques have been well
established.24 The frequency comb output was mixed
with the DFB power in a fiber coupler and filtered by
a grating spectrometer (bandwidth, ~1 nm FWHM).
The signal-to-noise ratio of the resultant beat note
was limited by noise on the frequency comb, not by
the available power from the DFB laser (which in fact
was attenuated to prevent detector saturation). The
feedback loop that was locking the DFB laser to

1.0
0.8
0.6
0.4
0.2
0.0 l I | 1 | 1

80 82 84 86 88 90
Frequency (MHz)

Relative Signal

Fig. 4. Typical rf heterodyne beat note between the laser (locked
to a cavity mode in vacuum) and a femtosecond laser comb mode.
The spectrum analyzer averaged 300 readings (100 kHz resolution
bandwidth) in approximately 6 s. We fitted the center portion of the
beat note to a Lorentzian curve to extract the line center. The
repeatability of this process was =10 kHz, equivalent to AMA = 1.5
X 1071,

the cavity mode had a bandwidth of approximately
200 kHz, limited by a slow response time internal to
the laser package. Consequently there was little nar-
rowing of the emission spectrum, and we observed
beat notes approximately 1.9 MHz wide, as shown in
Fig. 4. The contribution to the observed width from
the comb mode is relatively small, as the synthesizer
noise-limited jitter of the comb mode (mode index,
N ~ 4 X 10% see below) was less than 500 kHz. The
DFB laser frequency is obtained from the rf beat note

(fgrar) through

VprFB — NfREP * fCEo * fBEAT' (2

Here N is the femtosecond comb mode number, fzgp is
the known femtosecond laser repetition rate, and fcgo
is the carrier-envelope offset frequency that is locked
to a synthesizer. One can easily determine the signs
of fgear and fego by slightly shifting the repetition
rate and the offset frequency and observing the re-
sultant frequency shift of the beat note. We are thus
left with unambiguously determining mode index
number N.

We determined index N by comparing the possible
discrete DFB frequencies predicted by Eq. (2) with a
seven-digit commercial wavelength meter reading of
the DFB light. Such a procedure would be straight-
forward with a much larger femtosecond comb repe-
tition rate but problematic here, as the absolute
accuracy of the wavelength meter was specified at
+40 MHz (20) at 1.48 pm. To solve this problem we
calibrated the wavelength meter to the last digit
(£13 MHz) by measuring a nearby frequency that
was well known. The reference was a 1.56 pm laser
that was frequency doubled and locked to a rubidium
transition at 780 nm.25> We avoided alignment issues
by calibrating and using the wavelength meter with
a single-mode fiber patch cable permanently attached
to the input.

20 December 2005 / Vol. 44, No. 36 / APPLIED OPTICS 7797



4. Frequency and Wavelength Measurements

We tracked the (vacuum) frequency of one particular
mode of the prototype wavelength reference for many
months. During this time there was no temperature
control, the cavity was often removed from the vac-
uum chamber, and on five occasions mirror cleanings
were performed. Zerodur is well known to have ther-
mally induced mechanical hysteresis,?¢ and the tem-
perature excursions could have been as much as
+5°C. (The temperature was not monitored con-
stantly but only during measurements.) The first
measurement was made approximately nine months
after the mirrors were optically contacted to the
spacer. Sometimes measurements were performed on
almost a daily basis; at other times there were weeks
between measurements, notably during a time in
November—December 2004 when the frequency comb
was unavailable. For all frequency measurements
the cavity was in a chamber with only moderate vac-
uum requirements (pressure, =0.1 Pa). The index of
air at ~10° Pa is of the order of n — 1 = 2 X 10™* so
calculating the mode wavelength from a frequency
measurement performed at 0.1 Pa results in a wave-
length error of no more than AN/ =< 2 X 107%°,

We arbitrarily chose a TEM,, mode to measure and
easily returned to the same mode at 1479.4153 nm
for each measurement by using the wavelength
meter, although the solid-state DFB laser was re-
peatable enough that the mode determination could
also be accomplished by use of diode temperature
and current. In terms of the diode parameters,
the 1.19 GHz (0.0087 nm) free-spectral-range cavity
modes were separated by 2 mA and 0.45 °C. In prac-
tice, when a less-repeatable tunable laser such as an
extended-cavity diode laser is used, the proper mode
can be determined with an auxiliary cavity, as men-
tioned above.

Preliminary optical frequency measurements were
taken in an effort to map out the behavior of the mode
center frequency with temperature. Heating tape and
a cooling water jacket were installed on the outside of
the vacuum chamber to change the cavity tempera-
ture, primarily by radiative means (the cavity was
placed on a 1 mm thick Teflon sheet on an aluminum
surface in the center of the chamber). In this manner
we could adjust the cavity temperature in the range
18—-28 °C. However, we found that mode frequency
measurements while the cavity temperature was
ramped were much less repeatable than when the
temperature was held constant for an extended pe-
riod of several hours. Unless the cavity is isothermal
the average temperature reading of the six sensors
does not uniquely correspond to the temperature dis-
tribution of the cavity structure, nor to the mode path
length. In general, monitoring the effective temp-
erature and subsequent expansion of a very low-
thermal-conductivity structure by point temperature
sensors is difficult because localized heating or cool-
ing between sensors is not detected.

All the optical frequency measurements made after
30 June 2004 are shown in Fig. 5. To analyze the
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Fig. 5. This plot of all the frequency measurements performed
versus time makes little intuitive sense, as there was no temper-
ature control and, at least at first, there was rapid aging.

predictability of the wavelength reference we have
normalized the data with respect to temperature and
time. We assume that the two processes are indepen-
dent, i.e., that the coefficient of thermal expansion is
time invariant and the aging rate is (to first order)
independent of temperature. In fact, the aging rate
probably is temperature dependent; however, as the
data are all within =5 °C of room temperature, the
assumption remains reasonable. The fit parameters
(temperature and aging) were iterated to minimize
the standard deviation of the entire corrected data
set.

We normalize the data with respect to temperature
by choosing a second-order expansion about an arbi-
trary temperature T:

vTempCorr = vMeas[l + OL(T - To) + B(T - T())Z:l. (3)

We have found empirically that o = 42.2 x 10°°
and B = —0.5 X 107? fit the data the best with T
= 23 °C. The cavity’s linear coefficient of expansion
(o) is slightly larger than the specified maximum for
the bulk Zerodur material (¢« = *30 X 107°). The
measurements are shown in Fig. 6 normalized by Eq.
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Fig. 6. Data from Fig. 5 corrected for the cavity’s temperature by
use of Eq. (3). The apparent logarithmic behavor is due to aging,
and the data scatter is likely due to a poor approximation of the
effective temperature of the optical path by the six point sensors,
and also to thermal hysteresis of the Zerodur. The solid curve is an
exponential fit to the data. The slope at day 240 has slowed down
to 7.5 kHz/day, or Av/v = +1.35 X 10~ 8/year.

Optical Frequency (MHz)
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Fig. 7. Residuals after normalizing for temperature and aging.
The data from Fig. 6 were normalized to day 240 by use of the
best-fit exponential given in the text. The resultant frequency sta-
bility is +4 MHz at 30, or Av/v = 2 X 1078 (30).

(8)to Ty = 23 °C. The solid curve is a least-squares fit
to our assumed logarithmic aging process. The fit
shows the optical frequency changing as vy, = v,
— K, exp(—y X days), with K, = 39.1315 MHz and
v = 0.01916 /day. Here, “days” refers to the number
of days since midnight on 1 July 2004.

We next account for the aging process of the Zero-
dur cavity by normalizing the temperature-corrected
frequency data to an arbitrary date, using these fit-
ting parameters. We write

1"Age & TempCorr = vTempCorr - KO[eXp( - Fyt())
—exp(—vy X days)] (4)

to create the normalized data set vage g Tempcore PY in-
creasing the frequencies measured before day ¢, and
decreasing those measured after day ¢,. The resultant
data, normalized for temperature and aging, are
given in Fig. 7. The scatter is =4 MHz, or Av/v = 2
X 107% (30). This represents our present statistical
resolution, limited primarily, we believe, by our abil-
ity to measure the effective temperature of the cavity
and by thermal hysteresis of the Zerodur. We suspect
that a simpler structural design would result in bet-
ter performance, allowing a handful of temperature
sensors fixed to discrete points to approximate more
closely the effective temperature of the cavity path
length. That problem was compounded by the cavity’s
relatively high (42.2 parts in 10°/°C) coefficient of
thermal expansion.

In use, the wavelength of the reference cavity mode
would be calculated in a manner similar to our use of
Eqgs. (3) and (4), decreasing the reported wavelength
with time after calibration for aging and adjusting
the reported wavelength proportionately for temper-
atures different from the temperature at calibration.

As mentioned above, the reported wavelength will
also have a small dependence on atmospheric pres-
sure, decreasing slightly as the cavity is compressed
isotropically. Our ability to measure that change lim-
its the accuracy of the wavelength reference. Two
frequency measurements were recorded with the test
laser locked to the same longitudinal mode of the
cavity. During the first measurement (v,) the cavity
was in vacuum (pressure, =0.1 Pa). A known pres-
sure of (99.999% pure) helium gas measured with a
capacitance manometer was then slowly introduced
to the chamber, and a second measurement (v,) was
performed after the temperature was allowed to sta-
bilize for 30 min. The helium pressure was limited by
the pressure gauge’s dynamic range (13332 Pa or 100
Torr full scale), and the results were extrapolated to
atmospheric pressure. We used the cavity tempera-
ture as the temperature of the helium gas in the
cavity. We denote the refractive index at frequency v,
in the chamber as n and write

c

We recognize that the partial pressure of water owing
to outgassing was certainly rising once the pump was
closed off, because the chamber was never pumped
beyond a moderate vacuum and never baked out. We
account for outgassing by previously measuring the
logarithmic rate of pressure change with time in the
evacuated chamber (total pressure, 1.1 Pa after 30
min) and assuming that this pressure change was
due to (and had the refractive index of) humid air.
The resultant correction to the helium index is
smaller than the uncertainty that is due to the gas
temperature (see Table 1).

We can compare the mode wavelength under vac-
uum and isotropic pressure conditions by using
Eq. (3) to normalize the frequency measurements in
Table 1 to the same temperature. Although the
temperature sensors bonded to the cavity have an
absolute uncertainty of =0.4 °C, the readout resolu-

Table 1. Summary of Data Used to Calculate the Atmospheric Pressure Compression of the Zerodur Cavity®

Measured
Frequency (MHz)

Cavity
Temperature (°C)

Helium Partial
Pressure (Pa)

Outgassing Partial
Pressure (Pa) Refractivity (n — 1)

202642521.337

202641686.058 23.590 13313(7)

23.460 <0.1

<0.1 <2.6 X 1071
1.1 4.1937 + 0.0056 x 10°°

“The refractivity given is the sum of the helium contribution and that which is due to outgassing in the chamber. The contribution to
the refractivity from the helium partial pressure is n — 1 = 4.1909 (+0.0056) X 10~ ¢, where the uncertainty is due to the gas
absolute-temperature uncertainty (+0.4 °C) and the absolute-pressure uncertainty (+0.05%). The temperature uncertainty of the helium
contribution is larger than the refractivity contribution from the outgassing, n — 1 = 2.8 X 10 °. Using the measured temperature
coefficient (see text), we found that the +130 mK temperature difference between measurements accounts for —1.11 MHz of the frequency
change.
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Fig. 8. Subset of ten measurements from Figs. 5-7 that were
performed immediately before and after cleaning a cavity mirror
(circles, before the cleaning; squares, after). All the measured fre-
quencies have been normalized for temperature and time to 23°C
and day 240, respectively. Arrows show a frequency difference
equivalent to AN = 108, As the frequencies appear more-or-less
randomly perturbed, it is possible that the changes in the mea-
sured frequencies are simply the residuals after temperature cor-
rection and are not related to the cleaning process.
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tion is 1 m°C. At an indicated cavity temperature of
23.590 °C, the optical frequency and index-of-
refraction data in Table 1 imply a mode wavelength of
1479.4153649 (7) nm in vacuum and 1479.415252 (8)
nm at an isotropic pressure of 13,314 Pa. The un-
certainties are due to uncertainties in frequency
measurement (=100 kHz) and gas temperature
(0.4 °C), respectively. If we assume a linear contrac-
tion with pressure and extrapolate the wavelength
(and uncertainty) to STP, the mode wavelength
would become smaller than the vacuum value by
0.87(6) pm, or a proportional shift of —5.9(4) X
107, which is within 3% of the value calculated from
theory by use of the normal Zerodur material param-
eters. An accurate pressure gauge with a 10° Pa full-
scale range would have allowed us to avoid the
assumption that cavity contraction is linear with
pressure. The uncertainty of the wavelength at STP
of =0.06 pm or AN/\ = +4 X 10°%, is due to uncer-
tainty in the helium gas temperature.

At five different times we performed a mirror clean-
ing to see the effect on the measured frequency. For
each test the mode frequency was recorded; then the
cavity was removed from the chamber, and a mirror
was cleaned by one or two swipes of optical tissue well
moistened with anhydrous methanol. The cavity was
then returned to the chamber, and the chamber was
pumped to less than 0.1 Pa for a second measure-
ment. The measurement pairs are all included in the
previous data (Figs. 5-7), but we present them again
in Fig. 8. We were not able to quantitatively measure
a change of mode wavelength with mirror cleaning,
as it appears that the measurement was limited by
temperature-correction residuals.

In conclusion, we have demonstrated the calibra-
tion of an air wavelength reference by optical fre-
quency measurements. The benefit of a physical
cavity-based wavelength reference approach com-
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pared with the use of a frequency-stabilized laser
and environmental air measurements appears to be
higher accuracy and the possibility of supplying mul-
tiple known wavelengths to the interferometer user.

We thank W. C. Swann for periodic calibrations of
the wavelength meter, J. Stone for useful discussions,
and T. Heavner and T. Dennis for their careful read-
ing of the manuscript. Specific product names are
mentioned in this paper for technical clarity only and
do not imply an endorsement.
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